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ABSTRACT 

Blood glucose homeostasis is predominantly regulated by the actions of two hormone-

producing cells in the endocrine pancreas, specifically the insulin-secreting beta cells and the 

glucagon-secreting alpha cells. Under normal circumstances, beta cells sense mounting 

glucose concentrations and secrete insulin, while peripheral tissues, namely the liver and 

muscle, react to that insulin and clear glucose from the bloodstream. Peripheral tissue 

desensitization to insulin, known as insulin resistance, thus leads to chronic hyperglycemia, 

which results in beta cell dysfunction, dedifferentiation into progenitor cells and even 

transdifferentiation into alpha cells. This loss of beta cell identity and functionality represents 

the defining step in the pathogenesis of type 2 diabetes. Type 1 diabetes, on the other hand, 

is characterized by a complete physical loss of the functional beta cell pool secondary to 

autoimmune attack. Therefore, both disorders are characterized by severely diminished 

insulin secretion and disease-defining hyperglycemia, highlighting an important therapeutic 

need for beta cell regeneration strategies. A key step towards that goal is understanding the 

regulatory mechanisms controlling hormone expression in alpha and beta cells, both at the 

RNA and protein level. Multiple studies have shown that binding of distinct transcription factors 

to the insulin and glucagon promoters can trigger activation or repression of transcription, 

however, less is known about the chromatin factors and signaling molecules directing the 

expression and localization of said transcription factors. 

 

In the first part of my thesis, I therefore aimed to identify processes that could counter the loss 

of insulin and gain of glucagon expression observed during beta cell dedifferentiation. Prior to 

this work, no cellular system existed to properly model beta cell dedifferentiation in vitro in a 

reproducible manner amenable to high-content screening. Hence, we characterized a 

dedifferentiation system in a beta cell line and utilized it to find inhibitors of said process. In 

this manner we identified the small molecule, loperamide, capable of reducing aberrant 

glucagon co-expression in both dedifferentiated beta cell lines, human islets and in vivo in 

diabetic murine islets. Mechanistically, loperamide promoted an increase in the activity of the 

transcription factor FoxO1 and its downstream targets, resulting in intracellular calcium 

mobilization, pH modulation and increased insulin biosynthesis and secretion. 

 

In the second part of my thesis, I focused on identifying and counteracting mechanisms 

repressing insulin expression in alpha cells, with the overall goal of stimulating 

transdifferentiaton. Using a genetic RNA interference screen, we identified the splicing factor, 

Survival Motor Neuron Domain Containing 1 (Smndc1), to repress insulin transcription in alpha 

cells. More specifically, loss of Smndc1 induced an increase in beta cell markers and 
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chromatin accessibility in alpha cells, including stabilization of the key beta cell transcription 

factor, Pdx1, and subsequent activation of insulin transcription. We thus successfully identified 

and characterized chemical and genetic factors able to respectively promote beta cell identity 

in diabetic settings and in non-beta cells. 
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ZUSAMMENFASSUNG  

Der Blutzuckerspiegel wird in erster Linie durch zwei Zelltypen in den pankreatischen 

Langerhans-Inseln reguliert, und zwar durch die Insulin-sekretierenden Betazellen und die 

Glukagon-sekretierenden Alphazellen. Die Betazellen reagieren auf ansteigende 

Glukosekonzentration mit der Ausschüttung von Insulin, und dieses Hormon verursacht die 

Aufnahme von Glukose aus dem Blutkreislauf durch die peripheren Gewebe, insbesondere 

durch die Leber und Muskeln. Die Desensibilisierung des peripheren Gewebes gegenüber 

Insulin, die als Insulinresistenz bezeichnet wird, führt zu einer chronischen Hyperglykämie, die 

eine Dysfunktion der Betazellen, ihre Dedifferenzierung in Vorläuferzellen und sogar ihre 

Transdifferenzierung in Alphazellen zur Folge haben kann. Dieser Verlust der Betazellidentität 

und -funktionalität ist der entscheidende Schritt in der Pathogenese von Typ-2-Diabetes. Typ-

1-Diabetes hingegen wird durch einen vollständigen physischen Verlust des funktionellen 

Betazellpools infolge eines Autoimmunangriffs verursacht. Beide Erkrankungen sind durch 

eine stark verminderte Insulinsekretion und eine krankheitsdefinierende Hyperglykämie 

gekennzeichnet, was den wichtigen therapeutischen Bedarf von Strategien zur Regeneration 

funktioneller Betazellen unterstreicht. Ein wichtiger Schritt auf dem Weg zu diesem Ziel ist das 

Verständnis der regulatorischen Mechanismen, die die Hormonexpression in Alpha- und 

Betazellen sowohl auf der Ebene der RNA also auch der Proteine kontrollieren. Frühere 

Studien haben gezeigt, dass die Bindung verschiedener Transkriptionsfaktoren an die 

jeweiligen Promoteren die Transciption des Insulin- bzw. Glukagongens aktivieren oder 

unterdrücken kann. Hingegen ist bis jetzt weniger über die Chromatinfaktoren und 

Signalmoleküle bekannt, die die Expression und Lokalisierung der genannten 

Transkriptionsfaktoren steuern. 

 

Im ersten Teil meiner Dissertation wollte ich daher Prozesse identifizieren, die der Betazell-

Dedifferenzierung, und insbesondere dem damit einhergehenden Verlust der 

Insulinexpression und der Induktion der Glukagonexpression, entgegenwirken. Vor dieser 

Arbeit gab es kein zelluläres System, mit dem die Betazell-Dedifferenzierung in vitro in 

reproduzierbarer Weise modelliert werden konnte. Daher entwickelten und charakterisierten 

wir ein System zur pharmakologischen Dedifferenzierung einer Betazelllinie und nutzten es, 

um Hemmstoffe für diesen Prozess zu finden. Auf diese Weise identifizierten wir die 

niedermolekulare Substanz Loperamid. Loperamid kann der Induktion der Glukagon-

Expression sowohl in dedifferenzierten Betazelllinien als auch in menschlichen Langerhans-

Inseln und in vivo in Betazellen in einem diabetischen Mausmodell reduzieren. Wir fanden 

heraus, dass dem Mechanismus von Loperamid eine Zunahme der Aktivität des 

Transkriptionsfaktors FoxO1 und seiner Targetgene zugrundeliegt, was zu einer 
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intrazellulären Kalziummobilisierung, einer pH-Modulation und einer erhöhten 

Insulinbiosynthese und -sekretion führt. 

 

Im zweiten Teil meiner Arbeit konzentrierte ich mich auf die Identifizierung und Inhibition von 

Mechanismen, die die Insulinexpression in Alphazellen unterdrücken, mit dem 

übergeordneten Ziel, die Transdifferenzierung zu stimulieren. Durch einen genetischen RNA-

Interferenz-Screens identifizierten wir den Spleißfaktor Survival Motor Neuron Domain 

Containing 1 (Smndc1), der die Insulin-Transkription in Alphazellen unterdrückt. Der Verlust 

von Smndc1 führte zu einem Anstieg der Beta-Zell-Marker und der Chromatin-Zugänglichkeit 

in Alpha-Zellen, einschließlich der Stabilisierung des wichtigen Beta-Zell-Transkriptionsfaktors 

Pdx1 und der anschließenden Aktivierung der Insulin-Transkription.  

 

Im Rahmen dieser Arbeit habe ich erfolgreich chemische und genetische Faktoren identifiziert 

und charakterisiert, die die Betazellidentität in diabetischen und nicht-beta-Zellen induzieren 

können.  
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1. INTRODUCTION 

1.1 The endocrine pancreas: from embryo to adult 

The pancreas consists of two main functional compartments: exocrine and endocrine. The 

exocrine pancreas, made up of ductal and acinar cells, is responsible for the production and 

transport of digestive enzymes into the duodenum, whereas the endocrine pancreas, 

comprising the islets of Langerhans, secretes peptide hormones into the bloodstream to 

maintain glucose homeostasis. The mature endocrine compartment is highly vascularized and 

innervated and makes up 1-2% of the total pancreas (Larsen & Grapin-Botton, 2017). It 

consists of alpha-, beta-, delta- and PP cells, which interact together to maintain 

normoglycaemia through secretion of their respective hormones: glucagon, insulin, 

somatostatin and pancreatic polypeptide (Campbell & Newgard, 2021). During development, 

a fifth islet cell type is also present, the ghrelin-secreting epsilon-cell, but its numbers are 

greatly decreased postnatally (Heller et al, 2005). This next section will detail the tightly 

regulated process by which specific transcription factors control the development, maturation 

and maintenance of islet cell identity. 

 

1.1.1 Pancreas development and islet cell specification 

Pancreatic development is initiated at embryonic day (E) 8.5 in mice (Jørgensen et al, 2007) 

and Carnegie stage (CS) 12 in humans, ~29 days post-conception (Jennings et al, 2013), with 

the induction of pancreatic and duodenal homeobox 1 (Pdx1) expression in the posterior 

foregut endoderm. This is followed by pancreas-specific transcription factor 1a (Ptf1a) at E9.5. 

These two transcription factors are crucial for proper pancreatic organogenesis in both mice 

and humans, as protein-null mutations in either gene trigger pancreatic agenesis (Jonsson et 

al, 1994; Stoffers et al, 1997; Krapp et al, 1998; Sellick et al, 2004). However, pancreatic bud 

formation is still initiated in these mutants, suggesting there are still unknown factors preceding 

Pdx1 expression (Bastidas-Ponce et al, 2017). Other cases of pancreatic agenesis have been 

described in humans and mice with Gata4 and Gata6 deficiencies (Allen et al, 2011; Decker 

et al, 2006; Xuan et al, 2012; Shaw-Smith et al, 2014). Expression of Gata4 and Gata6 

transcription factors ensures pancreatic progenitor specification through repression of 

hedgehog signaling (Xuan & Sussel, 2016). Repression of hedgehog signaling is important for 

the proper spatial organization of the endocrine pancreas (Apelqvist et al, 1997). In effect, the 

expressions of sonic hedgehog (Shh) and Pdx1 in the developing gut endoderm are mutually 

exclusive. Disrupting this profile through overexpression of Shh in the Pdx1+ pancreatic 

endoderm redirects it to an intestinal fate (Apelqvist et al, 1997). Activin and FGF signaling 
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are equally important in hedgehog signaling inhibition and subsequent pancreatic 

development (Hebrok et al, 1998). The transcription factor Sox9 promotes these FGF signals, 

in a positive feedback loop, with loss of Sox9 resulting in pancreas-to-liver cell fate redirection 

(Seymour et al, 2012). Moreover, inhibition of Shh in chick embryos results in pancreatic 

heterotopia in the stomach and duodenum (Kim & Melton, 1998), overall highlighting the 

importance of hedgehog signaling repression in pancreatic endocrine specification.  

 

Around E11.5, several other transcription factors join Pdx1, Ptf1a, Sox9, Gata4 and Gata6 to 

specify multipotent pancreatic progenitors. These include Mnx1, Hnf1b and Nkx6.1 (Bastidas-

Ponce et al, 2017). These multipotent pancreatic progenitors are then segregated into two 

domains: tip or trunk, based on their expression of Ptf1a or Nkx6.1 and their levels of Notch 

signaling. The trunk domain, characterized by high Notch activity, high Nkx6.1 expression and 

repressed Ptf1a, specifies an endocrine/duct fate, whereas the Ptf1a expressing tip domain 

drives the progenitors towards an acinar fate (Esni et al, 2004; Schaffer et al, 2010). 

Specification to the endocrine lineage requires the expression of Ngn3, the main endocrine 

progenitor marker. Lineage tracing experiments revealed all final endocrine cells arise from 

Ngn3-positive progenitors (Gu et al, 2002), while Ngn3-null mutations result in pancreata 

devoid of endocrine cells (Gradwohl et al, 2000), undeniably underscoring the importance of 

Ngn3 in the generation of all endocrine cell types. The segregation between endocrine or 

ductal exocrine cell fate once again relies on thresholds of Notch signaling. Notch signaling 

induces Sox9 expression, which is responsible for instigating Ngn3 expression in the bipotent 

trunk cells. However, maintained high Notch signaling also turns on Hes1 expression, which 

represses Ngn3 and specifies a Sox9/Hes1-positive ductal fate. Thus, to secure an endocrine 

fate, Ngn3 itself inhibits Sox9 expression, rescuing it from Notch-dependent regulation and 

defining the ultimate Ngn3/Pdx1/Nkx6.1-positive endocrine precursor cell (Shih et al, 2012). 

This final specification occurs between E12.5-E15.5, in a step also known as “the secondary 

transition” (Pan & Wright, 2011). The peak in Ngn3 expression at E15.5 then triggers the 

specification into the final endocrine cell types, defined by mono-hormonal expression of their 

respective glucose-responsive hormones (Figure 1). Interestingly, the Ngn3-positive precursor 

cell pool no longer represents a multipotent progenitor pool, but rather a committed unipotent 

pool, in which each Ngn3-positive cell will go on to differentiate into solely one cell type 

(Desgraz & Herrera, 2009).  

 

This final differentiation depends on the tight interplay and expression of several transcription 

factors. Similar to the antagonistic actions of Nkx6.1 and Ptf1a in acinar vs. endocrine cell 

specification, or Hes1 vs. Ngn3 in endocrine vs. ductal fate acquisition, there are two 

transcription factors that define early endocrine differentiation through mutual repression of 
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each other’s expressions: Arx and Pax4 (Collombat et al, 2003). High expression levels of Arx 

induce an alpha-/PP-cell fate (Collombat et al, 2007), whereas Pax4 expression specifies a 

beta-/delta-cell lineage (Sosa-Pineda et al, 1997). Subsequent loss of Pax4 and its 

downstream effector, Mnx1, induces a gain of Hhex expression and delta-cell differentiation 

(Pan et al, 2015; Zhang et al, 2014), whereas sustained Pax4 and Mnx1 along with Pdx1 and 

Nkx6.1 specifies a beta cell fate. In effect, the expression of the early players Pdx1 and Nkx6.1 

starts to become almost exclusively restricted to beta cells. Both of them are indispensable for 

proper beta cell differentiation and function. Loss of Nkx6.1 results in severely reduced beta 

cell mass, while Pdx1 is essential for insulin expression (Bastidas-Ponce et al, 2017). The 

interplay between two additional transcription factors, Nkx2-2 and NeuroD1, is equally 

important for specific endocrine cell specification. Nkx2-2, through either suppression or 

activation of NeuroD1 levels, directs differentiation towards an alpha or beta cell fate, 

respectively (Mastracci et al, 2013). Complete loss of Nkx2-2, on the other hand, causes a 

substantial increase in ghrelin-secreting cells at the expense of beta, alpha and PP-cells, 

highlighting its importance in specifying multiple islet cell lineages (Prado et al, 2004). 

 

 
Figure 1. Simplified overview of pancreatic differentiation 

Figure 1. Simplified overview of pancreatic differentiation from pancreatic-specified endoderm 

to final mono-hormonal secreting cells, with defining transcription factors and signaling 

molecules highlighted. 

 

Formation of the final islet architecture occurs in parallel to endocrine cell type specification. 

As the bipotent trunk cells in the epithelial cord are segregated into Ngn3-positive endocrine 

or Ngn3-negative ductal exocrine cells, the differentiating Ngn3-positive fraction begins to 

migrate away from the neighboring duct cells in cohesive bud-like clusters (Sharon et al, 

2019). As new cells adopt Ngn3 expression and begin differentiating, they are recruited to 
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these growing clusters, forming an endocrine peninsula separate from the epithelial cord. 

Hence, the final spatial position of a cell directly correlates with its temporal differentiation 

position. Temporally, alpha cells begin to appear a full 24 hours before insulin-positive cells, 

E13.5 vs. E14.5 (Johansson et al, 2007; Sharon et al, 2019). This explains why murine alpha 

cells are mostly found around the periphery of the mature islets, with beta cells constituting 

the core (Figure 2).  

 

 
Figure 2. Immunofluorescence image of murine pancreas cross-section 

Figure 2. Immunofluorescence image of C57BL/6 murine pancreas cross-section taken on an 

inverted Leica microscope at 20X objective. Islets are labelled with glucagon (green – 

ab92517) and insulin (red – DAKO A0564) antibodies, highlighting the spatial organization of 

glucagon-positive alpha cells at the periphery and insulin-positive beta cells at the core of the 

islets. DAPI is used to visualize the nuclei of individual cells. White arrows point to pancreatic 

ducts. The proximity of the ducts to the individual islets reflects their initial progenitor co-

localization and the subsequent branching off of the islets. Scale bar = 50µm. 

 

Perinatal proliferation of the peninsular differentiated cells results in acquisition of the final 

spherical shape and migration from the pancreatic ducts in an EGFR and mTOR-dependent 

manner (Song et al, 2016; Miettinen et al, 2000; Sinagoga et al, 2017). Maintenance of this 

islet ultrastructure relies on intercellular communications between the distinct cell adhesion 

molecules on the individual cells, evident by the loss of peripheral alpha cell localization in N-

CAM-depleted mice (Esni et al, 1999) or the complete failure to form proper islet-like structures 

in alpha-cell deficient Pax6-null mice (St-Onge et al, 1997). Moreover, re-localization of beta 

cells to the periphery of the islet through reaggregation results in rapid beta-to-alpha cell 

transdifferentiation, highlighting the critical correlation between final islet cell localization and 
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function (Spijker et al, 2013). The final islet composition is largely made up of beta cells, ~80% 

in rodents and ~65% in primates, due to the larger starting number of beta cell-committed 

unipotent Ngn3-positive precursor cells and the higher proliferation rate of beta cells around 

birth (Desgraz & Herrera, 2009; Arrojo e Drigo et al, 2015). 

 

Our detailed understanding of beta cell development, from the transcription factor expression 

profiles to the signaling cues, has paved the way for the generation of pluripotent stem cell-

derived beta cells. The first of these fully in vitro differentiation protocols yielding functional, 

glucose-sensing, insulin-secreting beta cells were reported in 2014 (Pagliuca et al, 2014; 

Rezania et al, 2014). These protocols successfully specified an endocrine fate through 

continuous FGF supplementation, as well as timed treatments with activin and specific Shh 

antagonists (Pagliuca et al, 2014; Rezania et al, 2014; Nostro et al, 2015). They further 

allowed for endocrine cell differentiation by chemically modulating Ngn3 expression, and 

yielded monohormonal insulin-positive cells through sustained inhibition of TGF beta 

signaling. These protocols are consistently being updated to improve efficiency and 

functionality, with recent studies even achieving robust and dynamic insulin secretion by 

ceasing TGF beta inhibition post-specification and dissociating/reaggregating cell clusters 

(Velazco-Cruz et al, 2020). Hence, we now have the tools to generate large quantities of 

functional beta cells and to study and probe beta cell development in vitro. 

   

1.1.2 Regulation of hormone expression in the mature pancreas 

Once the final four mono-hormonal endocrine cells are specified, they begin a process of 

maturation, remodeling and replication during the last stages of development, E16.5 until birth, 

coined the “tertiary transition” (Dassaye et al, 2016). During this time, key transcription factors 

epigenetically mold the different cell types into their final functional identities. In the endocrine 

pancreas, this cellular identity is inherently tied to hormone expression. Hence, many studies 

have focused on understanding the transcription factors and downstream effectors involved 

in the maintenance of insulin expression. In humans, insulin is encoded by a single gene, INS. 

In rodents, a retrotransposon-mediated duplication of a partially processed insulin mRNA 

resulted in a two-gene system: the full length Ins2, comprising two introns, and the single 

intron Ins1 (Melloul et al, 2002). Ins2 is the main gene, orthologous to other species and 

necessary for full insulin expression, whereas Ins1-null mice exhibit no phenotype (Babaya et 

al, 2006). Future references to insulin, unless otherwise stated, will therefore refer to INS or 

Ins2.  
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The insulin promoter spans over 1000 base pairs, with the most important and evolutionarily 

conserved regulatory elements located within 400bp upstream of the transcriptional start site 

(TSS) (Figure 3). Specifically, the A3, C1 and E1 boxes are the most highly conserved within 

mammals and have the most detrimental effects on transcription when mutated (Hay & 

Docherty, 2006). A3, found -216bp from the TSS, contains a common TAAT motif which 

recruits homeodomain-containing proteins, most notably Pdx1 (Hay & Docherty, 2006; Melloul 

et al, 2002). C1, located 128bp upstream of the TSS, is the binding site for MafA, while E1, 

104bp upstream of the TSS, recruits NeuroD1. Hence, Pdx1, MafA and NeuroD1 all have a 

direct impact on insulin expression. 

 

 
Figure 3. Schematic representation of insulin and glucagon promoters 

Figure 3. Schematic representation of insulin and glucagon promoters. Red boxes highlight 

domains critical for transcription. Pax6 is essential for glucagon transcription while the 

combination of NeuroD1, Pdx1 and MafA are necessary to confer insulin expression. 

Importantly, the critical NeuroD1, Pdx1 and MafA binding sites on the insulin promoter are 

evolutionarily conserved between rodents and humans. Figure adapted from (Melloul et al, 

2002; Gosmain et al, 2011; Wilson et al, 2003). 

 

Postnatal Pdx1 deletion in beta cells corroborates its direct role in the promotion of insulin 

transcription (Ahlgren et al, 1998; Gao et al, 2014; Holland et al, 2002). Drastic decreases in 

insulin, Nkx6.1, Iapp and Slc2a2 (Glut2) mRNA levels, as well as in glucose tolerance, are 

observed following Pdx1 loss. Interestingly, Pdx1 also maintains beta cell identity via 

continued repression of non-beta cell genes. Pdx1 directly binds upstream of MafB’s TSS (-
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942/-933bp site), maintaining inhibition of both MafB expression and downstream glucagon 

(Gao et al, 2014). This repression is not beta cell specific, as Pdx1 overexpression in mature 

alpha cells can equally suppress established glucagon expression (Yang et al, 2011). Pdx1 

itself is regulated at its evolutionarily conserved enhancer-like region located -2800 to -1600bp 

upstream of its transcriptional start site, known as Areas I-III (Fujitani, 2017). This region 

contains binding sites for important beta cell maturation genes, including Hnf1a, FoxA2, Pax6, 

MafA, MafB and Pdx1 itself, yielding a positive feedback loop of expression (Vanhoose et al, 

2008; Fujitani, 2017). Homozygous deletion of this enhancer region results in decreased 

expression of Pdx1 and defective regulation of pancreatic endocrine marker genes 

downstream of the transcription factor (Fujitani et al, 2006).  

 

RNA methylation, particularly N6-methyladenosine (m6A), has been shown to be essential for 

the expression of Pdx1 and MafA mRNA and protein in beta cells (Wang et al, 2020b; De 

Jesus et al, 2019). In effect, m6A-modifications on Pdx1 and MafA transcripts directly increase 

their stability and translation (Wang et al, 2020b; Regué et al, 2021), loss of which results in 

decreased insulin expression. What’s more, hypomethylations are enriched in type 2 diabetic 

patients (De Jesus et al, 2019; Wang et al, 2020b), reaffirming the importance of these two 

transcription factors in the maintenance of beta cell identity through the extent of regulation 

involved in their expression. 

 

MafA and MafB are alpha and beta cell transcription factors with a distinct expression pattern 

relative to all the other islet-specific regulators, in that their expression is mostly restricted to 

the final hormone producing cells, impacting maturation and function rather than differentiation 

(Hang & Stein, 2011). MafA is even more unique in this aspect, as its expression peaks 

relatively late during development and is restricted to mature beta cells (Matsuoka et al, 2004; 

Artner et al, 2010). In fact, no developmental phenotype is observed in MafA-null mice, but 

they do go on to develop hyperglycemia and diabetes due to decreased levels of insulin, Pdx1, 

MafA, Slc2a2 and glucose responsiveness in the mature beta cells (Zhang et al, 2005; Artner 

et al, 2010; Hang et al, 2014).  

 

Contrastingly, MafB is expressed in both immature beta and alpha cells prior to detection of 

MafA, before later becoming restricted to mature alpha cells in mice (Hang & Stein, 2011). 

The dual function of MafB in specifying both alpha and beta cell character relies on the 

presence of Nkx6.1. Like MafA, Nkx6.1 is also restricted to beta cells during the secondary 

transition. Nkx6.1 levels are regulated by both Pdx1 and Nkx2.2 through direct binding sites 

on its promoter (Watada et al, 2000). Nkx6.1-null mice exhibit loss of beta cell precursors and 

undetectable MafA expression, suggesting Nkx6.1 acts upstream of MafA and is vital for beta 
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cell specification (Sander et al, 2000; Matsuoka et al, 2004). Binding of MafB to the insulin 

promoter depends on the co-expression of Nkx6.1, hence insulin is only transcribed in 

immature beta cells, whereas the absence of Nkx6.1 and Pdx1 in immature alpha cells 

activates glucagon transcription through direct binding of MafB to the glucagon locus 

(Nishimura et al, 2006; Artner et al, 2006). Interestingly, beta cell development is not halted in 

MafB-null mice, only strongly delayed, suggesting MafA can compensate for its loss, while 

alpha cell numbers and function are significantly compromised (Katoh et al, 2018; Artner et al, 

2007; Conrad et al, 2016). The MafB locus is silenced in mature beta cells through Pdx1 

binding, Dnmt3a-mediated methylation and deposition of repressive chromatin marks absent 

from neonatal beta cells (Cyphert et al, 2019; Gao et al, 2014). The switch from MafB to MafA 

upon maturation is vital for the acquisition of glucose responsiveness and overall function 

(Zhang et al, 2005; Artner et al, 2010). However, premature MafA signal acquisition fully 

impairs endocrine differentiation (He et al, 2014; Nishimura et al, 2009), while continued 

repression of MafB is necessary to maintain mature beta cell identity, underscoring how tightly 

transcription factor expressions are temporally regulated for proper endocrine specification. 

 

While MafA and MafB expressions become mutually exclusive in rodents’ mature islets, 

human beta cells continue to co-express both MAFA and MAFB postnatally (Dai et al, 2012). 

MAFA expression is still restricted to mature beta cells in humans, however its expression 

takes much longer to peak than in mice (Arda et al, 2016). MAFB’s role in adult human beta 

cells has not yet been fully established, although recent studies revealed that co-expression 

of both MAFA and MAFB is necessary for expression of genes involved in cell identity, glucose 

metabolism and insulin secretion (Shrestha et al, 2021; Scoville et al, 2015; Russell et al, 

2020). 

 

NeuroD1 and Pax6 are noteworthy transcription factors, as they are present in both mature 

alpha and beta cells, and bind to both the insulin and glucagon promoters, yet in a cell-type 

specific manner (Sander et al, 1997; Dumonteil et al, 1998). Pax6 directly controls the 

transcription of insulin, glucagon, Pdx1, MafA, Nkx6.1, MafB and NeuroD1, essential for the 

proper functioning of adult alpha and beta cells (Gosmain et al, 2011, 2012). Homozygous 

loss of NeuroD1 results in impaired endocrine differentiation and perinatal onset of severe 

diabetes in both mice and humans (Naya et al, 1997; Romer et al, 2019), whereas 

overexpression of NeuroD1 in Pdx1+ progenitors is sufficient to induce premature endocrine 

differentiation (Schwitzgebel et al, 2000). Furthermore, glucose-stimulated insulin secretion 

(GSIS), the main characteristic of functional beta cells, is strongly impeded in NeuroD1-

deficient adult beta cells (Gu et al, 2010).  
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NeuroD1 is a member of the basic helix-loop-helix (bHLH) family of transcription factors and 

it forms a heterodimer with another bHLH transcription factor, E47, necessary for its binding 

to both the insulin and glucagon promoters (Yi et al, 2002; Naya et al, 1997; Dumonteil et al, 

1998). Similarly, Pax6 also forms heterodimers with Cdx2 and MafB (Hussain & Habener, 

1999; Andersen et al, 1999; Ritz-Laser et al, 1999; Gosmain et al, 2011). Ultimately, it’s the 

presence of other cell type-specific transcription factors, e.g. Pdx1 or Brn4, that dictates their 

binding to either insulin or glucagon’s promoters. In beta cells, the coactivator p300 brings 

Pdx1, NeuroD1/E47, Pax6 and MafA into contact with the transcription machinery to facilitate 

insulin transcription (Yi et al, 2002; Iype et al, 2005). In alpha cells, the same feat is 

accomplished upon binding of p300 to Brn4, Cdx2, MafB and Pax6 to enable glucagon 

transcription (Hussain & Habener, 1999; Gosmain et al, 2007). In beta cells, Nkx6.1, Pdx1 and 

Pax4 recognize and bind Pax6’s G1 binding site (Figure 3), outcompeting it and maintaining 

a repressed glucagon state (Gosmain et al, 2011). Interestingly, a PPARgamma-RXR 

heterodimer was found to do the same (Krätzner et al, 2008), hinting at multiple layers of cell 

and context-specific control. 

 

While transcription factors are at the crux of gene expression regulation, chromatin factors can 

regulate their localization, binding affinity and expression. The BAF chromatin remodeling 

complex, for instance, can directly bind the insulin locus and depending on its subunit 

composition, either promote or suppress transcription (McKenna et al, 2015). More 

specifically, its binding to the insulin gene enhancer region in beta cells was identified as a 

prerequisite for future Pdx1 binding (Spaeth et al, 2019). Methylation also plays an important 

role. The insulin enhancer region is uniquely hypomethylated in mature beta cells, while the 

Arx locus is maintained in a state of consistent methylation and repression (Kuroda et al, 2009; 

Neiman et al, 2017; Dhawan et al, 2011). Nkx2-2, together with Grg3 and Dnmt3a, constitute 

a large repressor complex in beta cells which binds the Arx promoter when hypermethylated 

and recruits HDAC1 to repress Arx transcription (Papizan et al, 2011). The methyl-binders 

MeCP2 and Prmt6 are also recruited to the Arx locus in beta cells, and they prevent the 

deposition of activating H3K4me3 marks that are deposited on the locus in alpha cells 

(Dhawan et al, 2011). Dnmt3a levels, directly regulated by mTORC1, are necessary not just 

for the maintenance of hypermethylation at the Arx promoter, but also at other beta cell 

disallowed gene loci with consequences on insulin secretion (Ni et al, 2017; Dhawan et al, 

2015). Correspondingly, depletion of Nkx2-2 in adult beta cells also stimulates loss of mono-

hormonal cellular identity and function (Gutiérrez et al, 2017). Nkx2-2’s tinman (TN) domain is 

the binding site for Grg3. Loss of this interaction during development compromises beta cell 

maturation in the tertiary transition post E15.5, and triggers beta to alpha cell 
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transdifferentiation, highlighting the importance of Nkx2-2, Grg3 and methylation in the 

maintenance of beta cell identity through continuous Arx repression (Papizan et al, 2011).  

 

Ultimately, an extensive amount of cross-regulation exists between all the islet transcription 

factors. For instance, Pax6 can bind and activate the promoters of Pdx1 and MafA, while MafA 

directly drives Pdx1 transcription, and Pdx1 regulates MafA expression (Gosmain et al, 2012). 

At the same time, all three transcription factors bind and positively regulate the insulin 

promoter, whereas antagonistic binding of Pdx1 vs. Pax6 can control glucagon transcription 

(Wilson et al, 2003; Melloul et al, 2002; Gosmain et al, 2011). Thus, an intricate network of 

control is maintained, allowing the different islet cells to share certain transcription factors yet 

maintain a unique identity and function. 

 

1.1.3 Insulin secretion in the mature beta cell 

Insulin secretory granule formation is observed in the tertiary transition from 12-14 weeks of 

development in humans (Moin & Butler, 2019). Secretory granules make up 10-20% of a total 

beta cell’s volume, with up to 200,000 insulin molecules per granule and 10,000 granules per 

cell (Suckale & Solimena, 2010). Beta cells are finely attuned to the glucose levels in their 

environment on account of Glut1/Slc2a1 or Glut2/Slc2a2 glucose transporters on their 

membrane (Campbell & Newgard, 2021). Following uptake, glucose gets phosphorylated by 

glucokinase (Gck) and metabolized into ATP. The increase in ATP levels triggers the closing 

of ATP-sensitive potassium channels (Sur1/Kir6.2) in the beta cell membrane, depolarization 

of said membrane and consequent calcium influx through voltage-gated calcium channels 

(Cacna1c and Cacna1d). High intracellular calcium concentrations then stimulate secretion of 

a readily releasable pool of insulin granules primed near the plasma membrane. This is known 

as the “triggering pathway” which takes place within 10 minutes of glucose contact (Campbell 

& Newgard, 2021; Pagliuca & Melton, 2013). However, a second, slower and more sustained 

phase of insulin secretion is instigated after this, following several signaling cascades resulting 

in increased insulin transcription, translation, processing and secretion (Campbell & Newgard, 

2021). Maintenance of all these steps is integral to beta cell functionality. 

 

Effectively, high glucose concentrations regulate the insulin promoter itself. For instance, 

under basal conditions, Isl1 interacts with NeuroD1 at the A3/A4 and E1 boxes (Figure 3). 

However, under high glucose challenge, Isl1 is replaced with Pdx1 triggering an increase in 

insulin transcription (Wang et al, 2016a). This process is assisted by the glucose-induced 

splicing of Isl1 by the RNA binding protein Rbm4 (Lin et al, 2013). In fact, several distinct RNA 

binding proteins can regulate insulin transcription and translation in a glucose-mediated 
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manner. The 3’UTR of the insulin transcript is important for its overall stability, with glucose-

stimulated binding by Ptbp1 shown to increase overall stability and destabilization observed 

upon hnRNP K binding (Magro & Solimena, 2013). Consequently, high glucose conditions can 

extend insulin mRNA half-life from 29 to 77 hours (Lee & Gorospe, 2010). However, chronic 

hyperglycemia, as observed during diabetes, can decrease insulin mRNA levels due 

accumulating ER stress, upregulation of the Ptbp1-targeting mir-133a and decreased MafA 

expression and binding to the insulin promoter (Poitout et al, 1996; Kataoka et al, 2002; Lipson 

et al, 2008; Fred et al, 2010). The insulin 5’UTR, on the other hand, is involved in its translation 

efficiency. Glucose-stimulated binding by Pabpc1 has been linked to increased insulin 

biosynthesis and Elavl4 to repression (Kulkarni et al, 2011; Lee et al, 2012). The RNA helicase 

Ddx1 has also been implicated in linking insulin mRNA to the translation machinery (Li et al, 

2018b). 

 

Once translated, the preproinsulin product enters the ER, where its signal peptide is cleaved, 

and proper folding of proinsulin is initiated. Proinsulin is then loaded into immature secretory 

granules along with 50-150 other proteins, although this number is contested due to difficulties 

in extracting purified granules (Suckale & Solimena, 2010). Nonetheless, proinsulin makes up 

over 50% of the total granule protein composition. Proinsulin consists of the final insulin protein 

and a C-peptide, which gets cleaved off with the help of two prohormone convertases: Pcsk1/3 

and Pcsk2. These two enzymes are highly sensitive to pH and calcium levels, hence mature 

secretory granules maintain an acidic pH of 5.0-5.5 (Chen et al, 2018). Pcsk1/3 is the 

predominant enzyme within human beta cells (Ramzy et al, 2020), and its levels are directly 

modulated by Pax6, MafA and Ptbp1 binding (Wen et al, 2009; Wang et al, 2007; Knoch et al, 

2004), whereas its translation, similarly to insulin, is also regulated by Ptbp1 binding. Zinc, 

transported through the granular membrane transporter Slc30a8, allows for insulin 

crystallization into its final insoluble, secrete-able hexameric form (Suckale & Solimena, 2010). 

 

Pcsk1/3 and Pcsk2 also play an important role in the post-translational processing of 

proglucagon. Unlike insulin, the glucagon gene encodes for multiple protein products. The 

specific peptides formed rely on the prohormone convertase. Notably, Pcsk2 is necessary to 

yield the final glucagon hormone in alpha cells, whereas Pcsk1/3 is required for the generation 

of the incretin hormone Glp-1 in the proglucagon-expressing intestinal L-cells (Moede et al, 

2020). Glp-1 and glucagon are both produced and secreted in a glucose-mediated manner. 

Conversely to glucagon, however, Glp-1 is secreted postprandially in elevated glucose 

conditions. They both signal to beta cells through Glp-1 and glucagon receptors and enhance 

glucose-stimulated insulin secretion in a Pdx1- and cAMP-dependent manner (Li et al, 2005; 

Svendsen et al, 2018; Moede et al, 2020). Loss of both receptors is detrimental to insulin 
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secretion, while increased paracrine Glp1 signaling, through overexpression of Pcsk1/3 in 

alpha cells, has been shown to drastically improve insulin secretion (Wideman et al, 2006; 

Svendsen et al, 2018). The heterogenous make-up of pancreatic islets is therefore essential 

for their proper functioning. 

 

1.2 Diabetes: physical and functional loss of the beta cell 

Insulin’s identification and isolation in 1921 by Banting, Best, Macleod and Collip is arguably 

one of the greatest medical breakthroughs of the 20th century (Banting et al, 1922). This 

discovery, exactly 100 years ago, successfully converted diabetes from a terminal disease to 

a manageable disorder, saving countless lives. In non-diabetic individuals, blood glucose 

levels are hormonally regulated via the endocrine cells of the pancreatic islets of Langerhans 

(Campbell & Newgard, 2021). Beta cells secrete the peptide hormone insulin that signals the 

cellular uptake of glucose from the blood into secondary organs such as the liver or muscle. 

Loss of functional beta cells and insulin secretion thus result in deregulated glucose 

homeostasis and severe hyperglycemia, the main hallmarks of diabetes. The developmental 

and identity-defining programs described in the previous section are directly linked to the 

pathological processes driving disease onset and progression. The next sections will detail 

the differences between the main subcategories of diabetes and the transcription factors 

involved. 

 

1.2.1 Beta cell loss behind Type I Diabetes and Maturity Onset Diabetes of the 
Young 

Type I Diabetes (T1D) usually develops during childhood or adolescence due to T-cell 

mediated destruction of the pancreatic beta cells. Patients can be identified prior to 

symptomatic onset due to the presence of autoantibodies directed at beta-cell specific 

proteins. Common examples are autoantibodies against insulin itself, glutamate 

decarboxylase 2 (GAD65) responsible for GABA synthesis and Zinc transporter 8 (Slc30a8) 

found on the surface of insulin secretory granules (Katsarou et al, 2017; Ilonen et al, 2019). 

However not as common, Pdx1 autoantibodies have also been characterized (Li et al, 2010). 

It is a complex disease as it is influenced by both genetic and environmental factors (Ilonen et 

al, 2019). GWAS studies have identified several prominent risk factors, predominantly within 

the class II HLA region (Roep et al, 2021), however genetic predisposition does not 

necessarily correlate with disease onset in most individuals as observed in family and 

monozygotic twin studies (Redondo et al, 2008; Tuomilehto, 2013). The current increased 

incidence of childhood T1D diagnoses, especially among children moving from low- to high-
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incidence countries, provides further evidence for the contribution of environmental factors 

(Ilonen et al, 2019). The triggers for the development of autoantibodies only in select 

individuals is not yet fully understood. Viral infections, gut microbiota, nutrition, most notably 

Vitamin D levels, and beta cell stress have all been proposed as potential contributors (Roep 

et al, 2021; Ilonen et al, 2019). 

 

Beta cell function is indeed compromised in several T1D patients due to genetic mutations in 

key transcription factors. For instance, specific mutations in MafA have been identified in T1D 

patients and murine models linked with decreased Ins2 thymic expression (Noso et al, 2010). 

Pdx1 and NeuroD1 insertions and mutations have also been identified in diabetic families, 

producing impaired p300 activator complex formation on the insulin promoter and consequent 

beta cell dysfunction (Yi et al, 2002). Hence, MafA, Pdx1 and NeuroD1 polymorphisms can 

increase susceptibility to T1D. More commonly, though, functional mutations in one of these 

genes will trigger a monogenetic form of diabetes known as Maturity Onset Diabetes of the 

Young (MODY). Patients with MODY do not present with autoantibodies but experience 

progressive beta cell functional decline. Commonly implicated genes include: Hnf1a and 

Hnf4a mutations associated with increased beta cell apoptosis and decreased proliferation 

(McDonald & Ellard, 2013), NeuroD1 and Pdx1 mutations affecting their transactivation 

domains and subsequent insulin promoter binding (Horikawa & Enya, 2019; Staffers et al, 

1997), and MafA missense mutations impairing mRNA stability and glucose-stimulated insulin 

secretion (Iacovazzo et al, 2018). 

 

As of yet no permanent cure exists for T1D, although several treatment options are available 

to help regulate glycaemia. In effect, the people affected rely on regular insulin injections, 

which although lifesaving, never reach perfect glycemic control, leaving patients at increased 

risks of micro- and macrovascular complications (Daneman, 2006; Pagliuca & Melton, 2013). 

Efforts to mitigate these complications have recently yielded promising technological 

solutions. One of these is closed-loop insulin systems, also known as artificial pancreases 

(Boughton & Hovorka, 2021). These systems aim to provide fully automated, all-in-one 

glucose-measuring and insulin injection capabilities that should limit human error and delayed 

detections. Existing clinical trial results are promising, with significant improvements to 

patients’ time spent within their target glycemic range. Other groups are working on so-called 

‘smart insulins’, forms of glucose-responsive insulin molecules that only adopt a functional 

confirmation upon glucose detection, to hopefully protect patients from life-threatening states 

of hypoglycemia (Chen et al, 2021; Mannerstedt et al, 2021). In severe cases, healthy donor 

islet transplantations are performed. However, aside from the common transplantation 

limitations of organ availability and dependence on immunosuppressants, this treatment does 
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not offer a long-term solution, with few patients maintaining glycemic control five years post-

transplantation (Zinger & Leibowitz, 2014). Encapsulated, stem cell-derived beta cell implants 

directly address the limitations of islet availability and immune rejection. In 2016, a 

collaborative project between several groups in Boston developed a chemically modified 

alginate-based coating resistant to fibrosis (Vegas et al, 2016). Transplantation of stem cell-

derived beta cells, encapsulated in this coating, into an immunocompetent, diabetic murine 

model attained long-term normoglycemia, free of immune cell infiltration. Genetically-

engineering human pluripotent stem cell-derived beta cells to be HLA-deficient, i.e. 

hypoimmunogenic, prior to transplantation also prevented immune rejection (Parent et al, 

2021), offering promising alternatives to classical transplantation.  

 

Recent experiments using murine models of T1D have tested beta-cell driven approaches to 

mitigate or reverse disease pathogenesis. One group suggested maintenance of beta cells in 

an immature state prior to immune infiltration could protect them from immune attack, thanks 

to a decrease in autoantibody expression and antigen presentation (Lee et al, 2020). Another 

study discovered that a subset of beta cells in T1D islets undergoes stress-induced 

senescence and acquires a senescence-associated secretory phenotype which exacerbates 

disease progression (Thompson et al, 2019). Elimination of this subpopulation in a murine 

model of T1D arrested the immune destruction, rescued beta cell mass and prevented T1D. 

While incredibly exciting, whether these experiments in diabetic murine models can be directly 

translated to humans and how early these therapeutic strategies need to be implemented prior 

or within disease development have yet to be determined. 

 

1.2.2 Beta cell impairment during Type II Diabetes 

Type II Diabetes (T2D) is a much more prevalent disorder than T1D, accounting for more than 

90% of diabetic cases, and presenting with a more complex etiology. Peripheral tissues, such 

as the liver, equally contribute to disease progression through insulin resistance and defective 

gluconeogenesis on top of beta cell dysfunction (Campbell & Newgard, 2021; Sun & Han, 

2020). Unlike in T1D, loss of insulin secretion and beta cell mass in T2D is not purely the result 

of beta cell death. The chronic hyperglycemic environment beta cells are subjected to post-

insulin resistance results in both stress-induced beta cell dysfunction and loss of beta cell 

identity either through regression to a more primitive state, characterized by loss of key beta 

cell transcription factor expression and gain of progenitor marks, otherwise known as 

‘dedifferentiation’, or ‘transdifferentiation’ into other islet cell types (Figure 4)(Swisa et al, 

2017b).  
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Figure 4. Model of three main pathways suggested for beta cell loss during T2D 

Figure 4. Model of three main pathways suggested for beta cell loss during T2D. Diagram 

from (Swisa et al, 2017b) licensed under CC BY 4.0. 

 

Upon glucose exposure, beta cells increase insulin secretion to maintain normoglycemia. 

Impressively, insulin processing and production can be enhanced up to 20-fold in response to 

glucose, a process that strongly relies on the ER compartment (Meyerovich et al, 2016). When 

insulin demand is increased, more peptides transition through the ER and a greater number 

of misfolded proteins need to be addressed by the unfolded protein response (UPR), 

specifically the misfolding-prone proinsulin (Sun et al, 2015). Under normal conditions, the 

UPR proteins ATF6, PERK and IRE1a mediate ER stress by pausing translation and 

increasing autophagy to deal with the burden of unfolded proteins (Ghosh et al, 2019). During 

T2D and insulin resistance, however, beta cells become subjected to sustained 

hyperglycemia, otherwise known as “glucose toxicity”. Inability to cope with the mounting ER 

stress results in beta cell apoptosis as the cells switch from adaptive to terminal UPR, as is 

highlighted by increased TUNEL staining, accumulating levels of ER pro-apoptotic 

transcription factors, islet amyloid protein aggregates and other UPR apoptotic markers in 

diabetic islets (Ghosh et al, 2019; Meyerovich et al, 2016; Butler et al, 2003). Interestingly, it 

was recently discovered that SARS-CoV-2 can cause beta cell transdifferentiation and 

dedifferentiation through increased ER stress (Tang et al, 2021), highlighting the importance 

of proper ER functioning for beta cell identity. 
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At a certain level, chronic exposure to glucose also begins to exceed the glycolytic capacity of 

beta cells, resulting in the shunting of glucose and other glycolysis by-products to other 

pathways yielding augmented reactive oxygen species production (Robertson, 2004). 

Unfortunately, beta cells are ill-equipped to handle oxidative stress due to low expression 

levels of antioxidants, such as superoxide dismutase, resulting in sustained oxidative stress 

and beta cell dysfunction (Robertson et al, 2003; Kitamura & Ido Kitamura, 2007). Both 

oxidative and ER stress trigger the activation of the c-Jun N-terminal kinase (JNK), which in 

turn phosphorylates the predominantly cytoplasmic beta cell transcription factor FoxO1 

(Kawamori et al, 2006). Phosphorylated FoxO1 translocates into the nucleus and becomes 

transcriptionally active upon deacetylation by Sirt1. It then directly binds to the promoters of 

the key transcription factors MafA and NeuroD1, increasing their expression and downstream 

insulin secretion (Kitamura et al, 2005; Talchai et al, 2012; Kim-Muller et al, 2016). A gain-of-

function FoxO1 mutation in wild-type mice can recapitulate these increases in insulin 

secretion, Pdx1 and MafA expressions (Kim-Muller et al, 2016), underlining that FoxO1 can 

protect beta cell identity during periods of metabolic stress. However, deacetylated FoxO1 is 

also more sensitive to ubiquitination and degradation, revealing a tightly regulated control 

mechanism (Kitamura et al, 2005). Consequently, diabetic islets from T2D patients with 

chronic hyperglycemia present with depleted FoxO1 and MafA levels, and loss of beta cell 

identity (Kitamura & Ido Kitamura, 2007; Talchai et al, 2012). More specifically, loss of FoxO1 

results in increased expression of progenitor markers, namely Ngn3, and the emergence of 

alpha and delta cell markers such as glucagon and somatostatin, indicative of both 

dedifferentiation and transdifferentiation (Talchai et al, 2012; Cinti et al, 2016; Spijker et al, 

2015; White et al, 2013). In fact, induction of oxidative stress on its own can mimic the loss of 

Pdx1, MafA and Nkx6.1 transactivation observed in T2D patients (Guo et al, 2013). 

Particularly, the decreased expression of these critical beta cell genes also correlates with 

increased promoter hypermethylation in T2D donor islets (Davegårdh et al, 2018). 

Furthermore, hydroxyl radicals have been shown to interfere with Pdx1 mRNA translation, 

compounding the disruption of insulin transcription and secretion (Robertson et al, 2003). 

Impressively, re-establishment of normoglycemia through acute insulin treatment in T2D 

patients has been shown to transiently improve beta cell function and revert beta cell 

dedifferentiation in murine models (Swisa et al, 2017b), results corroborated by antioxidant 

treatment (Del Guerra et al, 2005; Lupi et al, 2007; Guo et al, 2013), reinforcing the impact 

persistent glucose-toxicity induced stress has on beta cell identity. Whether or not there is a 

“point of no return”, however, has yet to be established. 
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Single cell transcriptomics has also opened up a whole new level of beta cell characterization 

in healthy vs. diabetic patients, with two studies discovering a global de-maturation process in 

T2D patient beta cells underscored by increased expression of juvenile genes, reflective of 

dedifferentiation (Wang et al, 2016c; Avrahami et al, 2020). 

 

1.3 Beta Cell Regeneration 

Loss of functional beta cells in diabetes recognizes a therapeutic need to replenish beta cell 

mass. This area of research was spearheaded by early studies uncovering substantial 

pancreas regeneration and the emergence of whole new islets following surgical resection of 

90% of the pancreas (Bonner Weir et al, 1983). Since then, three main approaches to beta 

cell regeneration have been identified: (1) neogenesis, involving the differentiation of a stem 

or progenitor cell into a functional beta cell product, (2) replication of existing beta cells, and 

(3) transdifferentiation, characterized by the adoption of beta cell identity in a terminally 

differentiated non-beta cell (Aguayo-Mazzucato & Bonner-Weir, 2018). The next sections will 

delve in detail into our current knowledge and progress in these three areas. 

 

1.3.1 Neogenesis 

The presence of beta cell progenitors in adult pancreata is heavily debated. The widely 

accepted model of beta cell development relies on transient, high Ngn3 expression in 

multipotent pancreatic progenitors during the secondary transition, driving them to adopt a 

post-mitotic endocrine precursor fate, as described in Section 1.1.1. However, it has recently 

been suggested that a population of transcriptionally active low Ngn3-expressing progenitors 

persists until late into development (Bechard et al, 2016). These progenitors can both self-

renew or stimulate endocrine differentiation in a cell cycle dependent manner. Progenitor 

propagation relies on cell cycle dependent activation of cyclin-dependent kinases, which 

phosphorylate Ngn3 and target it for proteasomal degradation (Azzarelli et al, 2017; Krentz et 

al, 2017). Interestingly, between E11.5 to E13.5 during development, the G1 phase in Pdx1-

expressing progenitors is significantly lengthened, allowing for the accumulation of Ngn3 and 

its downstream cell cycle inhibitor Cdkn1a (Krentz et al, 2017; Miyatsuka et al, 2011). The 

resultant cell cycle arrest stabilizes Ngn3 and permits further induction of Ngn3 transcriptional 

targets, e.g. NeuroD1, promoting cell cycle exit, commitment to an endocrine fate, loss of 

Ngn3 expression and subsequent full endocrine cell differentiation (Azzarelli et al, 2017; 

Krentz et al, 2017; Miyatsuka et al, 2011). Hence, very specific thresholds of Ngn3 expression 

are required throughout development to trigger endocrine differentiation or maintain a 

progenitor pool. The persistence of this progenitor pool in individuals postnatally is unclear 
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though. Low levels of Ngn3 have been detected in differentiated, adult, hormone-positive islet 

cells, maintaining a critical role in their overall function, but only a negligible hormone-negative 

population that could potentially represent progenitors was identified (Wang et al, 2009). 

Importantly, work from two other groups also identified this minimal Ngn3-expressing 

hormone-negative population lining the pancreatic ducts, and noticed that they could be 

activated upon pancreatic duct ligation (Xu et al, 2008; Van de Casteele et al, 2013), 

transcription factor misexpression (Al-Hasani et al, 2013; Courtney et al, 2013) or prolonged 

GABA treatment (Ben-Othman et al, 2017) to generate new beta cells. A fasting mimicking 

diet was also shown to expand the hormone-negative Ngn3-positive pool, yielding beta cell 

regeneration upon refeeding (Cheng et al, 2017). Excitingly, this cycle of fasting-refeeding 

could also rescue beta cells and insulin secretion in diabetic mice and human islets. Hence, 

conditions of stress or injury might be necessary to reignite Ngn3 expression and 

differentiation capabilities in this hard to detect progenitor pool. Another theory is that this 

progenitor pool originates from dedifferentiated exocrine cells and therefore might only be 

formed under conditions of stress or injury (Gomez et al, 2015). This could all also explain why 

one group failed to detect beta cell neogenesis after postnatal day 5 (Xiao et al, 2013).   

 

Interestingly, several groups also started looking within the Ngn3-expressing hormone-

positive population in adult islets for signs of potential precursors. One study identified a 

neogenic niche near the islet periphery composed of “virgin beta cell” precursors (van der 

Meulen et al, 2017). These cells are enriched for MafB, Ngn3, with strong nuclear Nkx6.1 

staining yet are MafA-negative, thus resembling perinatal immature beta cells prior to their 

MafB/MafA switch. They, however, do not have the proliferative capacity of perinatal beta 

cells, with turnover similar to mature beta cells (Lee et al, 2021) and they are functionally 

incompetent due to absent cell surface expression of the Glut2 (Slc2a2) glucose transporter 

(van der Meulen et al, 2017). They only constitute around 1.5% of all beta cells and are 

believed to represent an intermediary phase within alpha to beta cell transdifferentiation. A 

second group also identified an Ngn3/Pdx1/Nkx6.1/Pax6/Pax4/insulin-positive, Glut2-null, 

immature beta cell-like population in both human and murine islets, but with the capacity to 

give rise to multiple pancreatic and neural cell lineages (Seaberg et al, 2004; Smukler et al, 

2011). Importantly, these cells also had the capacity to self-renew and maintain multipotency 

and were thus named pancreas-derived multipotent progenitors (PMPs) (Seaberg et al, 2004). 

PMPs could give rise to glucose-responsive, insulin-secreting beta cells in vitro (Seaberg et 

al, 2004) and ameliorate hyperglycemia in diabetic mice when transplanted in vivo (Smukler 

et al, 2011). Stress, hyperglycemia and ageing all stimulate proliferation and differentiation of 

this PMP population towards a mature beta cell fate (Razavi et al, 2015). 
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An additional endocrine progenitor was recently proposed, this time negative for both Ngn3 

and hormone expression (Wang et al, 2020a). The defining feature of these cells is their 

expression of the surface protein, Procr, shared among several other tissue resident stem 

cells. Procr+ cells represent approximately 1% of islet cells, with a distinct expression profile 

reminiscent of E14.5 Ngn3-positive endocrine precursors. Interestingly, they arise from Ngn3-

positive endocrine precursors, yet subsequently lose Ngn3 expression at some stage. They 

can self-renew and give rise to all islet endocrine lineages. Similarly to PMPs, they could also 

give rise to insulin-secreting mature beta cells in vitro and rescue hyperglycemia in diabetic 

mice upon in vivo transplantation. 

 

It was recently discovered that this co-existence and balance between immature and mature 

beta cell populations within pancreatic islets is critical for proper functioning (Nasteska et al, 

2021). Additional subpopulations of immature beta cells, detailed by multiple groups and 

characterized by decreased insulin granularity, secretion and key beta cell transcription factor 

expression, were actually found to respond faster to glucose and coordinate global secretion 

(Szabat et al, 2012; Bader et al, 2016; Johnston et al, 2016; Wills et al, 2016; Salem et al, 

2019; Nasteska et al, 2021). One specific subpopulation, named “hubs” due to their high level 

of co-activity, is characterized by increased expression of glucose-sensing proteins, such as 

glucokinase, and increased mitochondrial activity (Johnston et al, 2016). Targeted ablation of 

these hub cells, both in vitro and in vivo, resulted in dampened glucose response by the 

remaining beta cells (Johnston et al, 2016; Salem et al, 2019). Fltp gene expression further 

subdivided beta cells into immature, proliferative Fltp-negative and mature, insulin-secreting 

Fltp-positive subpopulations (Bader et al, 2016). Accordingly, Fltp-knockout mice displayed 

impaired glucose-stimulated insulin secretion. Intriguingly, it was shown that calcium signaling 

can negatively regulate the expression of key beta cell genes, such that low Pdx1 expression 

correlates with strongest calcium response to glucose (Nasteska et al, 2021). Work from the 

Grompe lab further subdivided human beta cells into 4 subcategories based on expression of 

ST8SIA1 and CD9 (Dorrell et al, 2016). The most abundant populations were negative for 

ST8SIA1, accounting for over 80% of beta cells, and enriched for proteins involved in insulin 

secretion and glucose sensing, e.g. GLUT2, and beta cell maturity, e.g. NEUROD1 and MAFB. 

Correspondingly, the cells negative for both ST8SIA1 and CD9 displayed the most robust 

glucose stimulated insulin secretion ratios. These results were corroborated by a second lab 

who characterized a non-proliferative population of beta cells with low ST8SIA1 and CD9 

coupled with high PDX1 and insulin expressions (Wang et al, 2016b). Interestingly, these 

glucose responsive ST8SIA1-negative cells are decreased in the islets of T2D patients, 

potentially correlating with the loss of expression and function observed in diabetic islets. This 



INTRODUCTION 

 20 

correlates with the preferential loss of hub and Fltp-positive cells under diabetic conditions 

(Johnston et al, 2016; Bader et al, 2016). 

 

All in all, these studies uncovered widespread heterogeneity within the beta cell pool, including 

the key point that not all insulin-expressing cells represent mature beta cells, and provided 

multiple new populations of progenitor cells to manipulate for beta cell mass expansion. 

Furthermore, all stem cell differentiation protocols transition through a Ngn3-positive phase 

(Pagliuca et al, 2014; Rezania et al, 2014; Nostro et al, 2015), meaning they could benefit 

from these Ngn3-pool expanding studies listed above to potentially increase efficiency. 

 

1.3.2 Replication 

The presence of ongoing beta cell replication in the adult pancreas has been convincingly 

documented using genetic labelling (Dor et al, 2004; Zhao et al, 2021), Ki67/BrdU staining 

(Georgia & Bhushan, 2004; Meier et al, 2008; Nir et al, 2007; Teta et al, 2007; Cox et al, 2016) 

and fluorescent dye-dilution (Brennand et al, 2007). It was noted that levels of beta cell mass 

expansion are highest during infancy, underscored by ~2.6% Ki67-positive beta cells, but that 

this becomes negligible at later time points (Meier et al, 2008; Teta et al, 2005). 

Mechanistically, beta cell ageing is accompanied by accumulating levels of the CDK4 inhibitor, 

p16INK4a (Krishnamurthy et al, 2006). CDK4 and its binding partner, cyclin D2, are essential for 

postnatal beta cell replication, thus their progressive inhibition correlates with diminished 

proliferation (Rane et al, 1999; Georgia & Bhushan, 2004; Krishnamurthy et al, 2006). Bmi-1 

and Ezh2, two Polycomb group proteins, which negatively regulate p16INK4A expression 

through maintained H3K27 trimethylation on its locus, also see their expression decline in an 

age-dependent manner (Dhawan et al, 2009; Chen et al, 2009). Impressively, however, during 

moments of drastic beta cell ablation, they become re-induced, re-inhibiting p16INK4A and 

consequently allowing for replenishment of beta cell mass. Increased insulin demand during 

pregnancy (Parsons et al, 1992; Teta et al, 2007), insulin resistance (Sachdeva & Stoffers, 

2009) and obesity (Cox et al, 2016) equally results in enhanced beta cell replication. In fact, 

beta cell volume is more than doubled in obese mice and humans (Bock et al, 2003; Butler et 

al, 2003). Hence, stress and metabolic demand can alleviate ageing associated replicative 

senescence.  

 

Ezh2 levels were found to be regulated by platelet-derived growth factor receptor (Pdgfr) 

signaling (Chen et al, 2011). Pdgfr and its ligands experience a similar expression pattern to 

Ezh2 and Bmi-1, including age-related depletion and rescue during chemically induced beta 

cell ablation. Importantly, overexpression of a constitutively active mutant form of Pdgfr could 
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rescue beta cell replication and glucose tolerance in aged mice. TGF beta signaling, on the 

other hand, was characterized as a potent inducer of p16INK4A expression, through 

phosphorylation and nuclear translocation of Smad3, a member of a methyltransferase 

complex that deposits activating H3K4me3 marks on p16INK4A’s locus (Dhawan et al, 2016). 

Treatment of aged murine and grafted human islets with characterized TGF beta inhibitors 

successfully repressed p16INK4A and rescued beta cell proliferation. In fact, efforts to induce 

beta cell replication using small molecules is at the forefront of therapeutic diabetes research. 

Most impressively in 2015, by some coordinated luck, three independent laboratories 

identified three distinct small molecule inhibitors that all induced robust beta cell replication 

and targeted the same protein: dual-specificity tyrosine phosphorylation–regulated kinase 1A 

(DYRK1A) (Wang et al, 2015; Shen et al, 2015; Dirice et al, 2016). The increase in human 

beta cell proliferation was pronounced, with 3-6% EdU-positive cycling beta cells, not far from 

the levels observed during early postnatal life (Meier et al, 2008). Importantly, they could all 

rescue hyperglycemia when given to diabetic murine models (Wang et al, 2015; Shen et al, 

2015; Dirice et al, 2016). DYRK1A is involved in the phosphorylation, nuclear export and 

inactivation of NFAT transcription factors. All three small molecule inhibitors triggered an 

increase in NFAT nuclear localization. NFAT signaling is necessary for proper transcription of 

insulin, Pdx1, MafA and NeuroD1, as well as key cell cycle gene expressions, such as cyclin 

D2 and Cdk4, critical for beta cell replication (Heit et al, 2006). In fact, overexpression of cyclin 

D2 on its own was found to be sufficient to trigger beta cell replication, even in aged mice 

(Tschen et al, 2017). Hyperglycemic or hyperinsulinemic local environments induce cyclin D2 

expression and downstream beta cell replication in a GLP-1, EGFR, mTOR and PKCζ-

dependent manner (Balcazar et al, 2009; Lakshmipathi et al, 2016; Xie et al, 2014; Song et 

al, 2016). Hence, GLP-1 agonists, such as Exendin-4, have been widely used to stimulate 

beta cell replication (Stoffers, 2000; Xie et al, 2014; Fusco et al, 2017) along with increasing 

insulin secretion. Since 2005 they have been in regular use in the clinic as a diabetes treatment 

(Prasad-Reddy & Isaacs, 2015), highlighting the translational capacity of beta cell replication 

research.  

 

Still, the debate over the contributions of beta cell neogenesis vs. beta cell replication to the 

postnatal pancreas remains heated. While convincing evidence for the presence of resident 

beta cell progenitors exists in the adult pancreas, as detailed in the previous section, many 

groups still argue that beta cell self-renewal is the unique source of postnatal beta cell mass 

expansion. Firstly, an initial, seminal paper detailing beta cell pulse-chase labelling 

experiments, with a rat insulin promoter driving expression of a tamoxifen-inducible Cre 

recombinase, revealed that all new beta cells arose from lineage-labeled ones, concluding, 

quite controversially, that self-replication is the sole form of mass expansion in the adult 
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pancreas (Dor et al, 2004). These data were later replicated and reinforced in contexts of 

stress and diabetes by multiple labs (Nir et al, 2007; Teta et al, 2007; Zhao et al, 2021). 

However, as previously mentioned, several populations of insulin-positive progenitors have 

been identified in adult islets (Seaberg et al, 2004; Smukler et al, 2011; van der Meulen et al, 

2017) that (1) contribute to the mature beta cell pool and (2) would be labelled by a rat insulin 

promoter driven cassette. Not to mention that the low beta cell labelling efficiency (~30%) (Dor 

et al, 2004) might not have been sufficient to detect minimally abundant neogenesis events. 

Secondly, there is the observation that human beta cell mass expansion correlates with 

increased beta cell numbers per islet, i.e. larger islets, and not increased islet number (Meier 

et al, 2008), yet this argument does not hold up either, as several labs have highlighted the 

heterogeneity within the beta cell pool, with examples of peripheral “virgin” beta cells and Fltp-

negative cells contributing to their intra-islet mature beta cell pool (van der Meulen et al, 2017; 

Bader et al, 2016). Lastly, one group correlated the absence of increased Ngn3 signal upon 

recovery from beta cell ablation as an indicator of absent progenitor proliferation (Nir et al, 

2007), which we now know is not a necessity due to contributions by Ngn3-negative Procr-

expressing progenitors (Wang et al, 2020a). Hence, it is most likely that beta cell neogenesis 

contributes to the beta cell pool in addition to beta cell replication. 

 

1.3.3 Transdifferentiation 

Reprogramming of terminally differentiated cells and the ideas of continued cellular plasticity 

and reversible differentiation were first reported back in 1962, when nuclei from adult frog 

intestinal cells were transplanted into oocytes and gave rise to all tissues (Gurdon, 1962). 

Several decades later, seminal work by Yamanaka uncovered the cocktail of four transcription 

factors necessary for this reinduction of pluripotency in somatic cells (Takahashi & Yamanaka, 

2006). Transcription factors therefore represent the keys to cellular identity. Due to the 

unipotency of Ngn3-positive pancreatic precursors, forced expression of different transcription 

factors pre-specification can easily redirect differentiation. For example, Pax4 (Collombat et 

al, 2009) and Pdx1 overexpression (Yang et al, 2011) or loss of Arx (Collombat et al, 2003; 

Courtney et al, 2013; Wilcox et al, 2013) at this stage redirects alpha cells towards a beta cell 

fate. Conversely, overexpression of Arx increases alpha cell differentiation at the expense of 

beta and delta cells (Collombat et al, 2007).  

 

In fact, fully differentiated pancreatic alpha and beta cells have also been shown to exhibit a 

high degree of plasticity, specifically in contexts of stress and genetic manipulation. 

Concomitant activating H3K4me3 and repressive H3K27me3 lysine methylation marks in so-

called bivalent chromatin domains are a key characteristic of stem cell epigenomes during 
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development (Li et al, 2018a). This marks genes as primed for both activation and repression, 

an important hallmark of stemness. Hence, it was remarkable to find that a large number of 

key alpha and beta cells genes, particularly Irx1, Arx, MafA and Pdx1, share this bivalency 

(Bramswig et al, 2013). What’s more, the insulin promoter was found to be hypomethylated in 

both alpha and beta cells, with differential methylation only found at the enhancer level 

(Neiman et al, 2017), while many more open chromatin regions were detected in alpha cells 

compared to beta cells (Ackermann et al, 2016). Overall, this suggests that alpha cells are 

predisposed to plasticity, not unlike pluripotent cells. Consequently, it was hypothesized that 

the use of histone methyltransferase inhibitors would have a potent effect on the transcriptional 

landscape of alpha cells. Use of the unspecific histone methyltransferase inhibitor, adenosine 

dialdehyde (Adox), triggered a global decrease in H3K27me3 and initiated nuclear expression 

of Pdx1 and co-expression of insulin in glucagon positive cells (Bramswig et al, 2013). 

Similarly, the small molecule BRD7552 induced an increase in H3K4me3 and decrease in 

H3K27me3 marks on the Pdx1 promoter, which immediately increased Pdx1 expression in a 

murine alpha cell line and human islets (Yuan et al, 2013). Additionally, the histone lysine 

methyltransferase inhibitor, chaetocin, was shown to potently decrease Arx and Brn4 

expressions, while inducing Ins2, Pax4, Gck and Nkx6.1 transcription within 24h in alpha cells 

(Kubicek et al, 2012). Overall, these experiments reinforce the finding that alpha cells are 

epigenetically “poised” for cellular conversion. 

 

Interestingly, the influence of different transcription factors changes during development. For 

instance, Pdx1 overexpression in endocrine progenitors can cause a dramatic loss of 

glucagon, Brn4 and Arx expression and trigger a complete shift from alpha to beta cell 

character, whereas Pdx1 overexpression in committed alpha cells cannot (Yang et al, 2011). 

It turns out that at that point, overexpression of MafA in combination with Pdx1 is required to 

fully commit mature alpha cells to a beta cell fate in both mice and humans (Matsuoka et al, 

2017; Xiao et al, 2018; Furuyama et al, 2019). The resultant beta cells are also fully functional 

and capable of restoring normoglycemia in T1D mouse models (Xiao et al, 2018; Furuyama 

et al, 2019). MafA on its own can only activate limited insulin transcription in a murine alpha 

cell line, highlighting the importance of Pdx1 and MafA co-expression (Matsuoka et al, 2004). 

The importance of both Pdx1 and MafA in the stimulation of beta cell identity is further 

highlighted in multiple studies that successfully switch non-endocrine cell types to a beta cell 

fate by overexpressing Pdx1 and MafA alongside Ngn3 (Ariyachet et al, 2016; Banga et al, 

2012; Chen et al, 2014; Hickey et al, 2013; Luo et al, 2014; Yamada et al, 2015; Zhou et al, 

2008). As Ngn3 is required for the development of the four hormone-secreting cells that 

comprise the mature endocrine pancreas, its overexpression likely helps direct cells to a 

general endocrine state, prior to the more defined beta cell fate specified by MafA and Pdx1 
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(Gradwohl et al, 2000). In accordance with Yamanka’s pluripotency factors, Ngn3, Pdx1 and 

MafA thus represent the specific cocktail of transcription factors needed to unlock an insulin-

secreting beta-like fate. Interestingly, Ngn3 and MafA overexpression in the absence of Pdx1 

triggers the transdifferentiation of acinar cells to glucagon-expressing alpha cells (Li et al, 

2014). On the other hand, overexpression of Pdx1 alone, reprograms acinar cells into all 

endocrine cells except for alpha cells (Miyazaki et al, 2016), overall reinforcing Pdx1’s role in 

the repression of alpha cell identity and importance in specification to the beta cell lineage.  

 

The alpha cell lineage is heavily reliant on the expression of Arx. In fact, loss of Arx is sufficient 

to drive alpha to beta cell transdifferentiation in adult alpha cells (Courtney et al, 2013; Spijker 

et al, 2013; Chakravarthy et al, 2017). Likewise, overexpression of Arx’s antagonist Pax4 

equally causes adult glucagon-positive alpha cells to lose Arx expression and adopt a 

functional beta-like cell identity (Al-Hasani et al, 2013). Conversely, increasing Arx expression 

in adult beta cells, either through forced overexpression (Collombat et al, 2007) or 

hypomethylation of Arx’s promoter by Dnmt1 depletion (Dhawan et al, 2011), induces a switch 

to alpha cell identity. Screens for inhibitors of Arx in adult alpha cells identified the anti-malarial 

drugs, artemisinins, to induce the nuclear ejection of Arx, in a GABA signaling-mediated 

manner, and the consequent stimulation of insulin expression and secretion (Li et al, 2017). 

Simultaneously, it was found that GABA supplementation, on its own, could downregulate Arx 

expression in adult alpha cells, triggering their shift towards a Pax4-positive beta cell identity 

(Ben-Othman et al, 2017). The transdifferentiated cells were further capable of restoring beta 

cell mass and euglycemia following chemically induced diabetes. GABA, normally co-secreted 

with insulin by beta cells, signals the inhibition of glucagon secretion in alpha cells via their 

surface GABAA receptors (Rorsman et al, 1989). Therefore, it has been postulated that 

autocrine glucagon signaling plays a role in propagating the loss of alpha cell identity (Li et al, 

2017). The proposed link between glucagon and alpha cell identity is not a new one, with 

previous work in glucagon receptor knockout mice correlating remarkable increases in plasma 

glucagon with alpha cell hyperplasia and increased expressions of both Arx and glucagon 

(Parker et al, 2002; Gelling et al, 2003; Sørensen et al, 2006). Interestingly, glucagon gene 

knockdown strongly diminished alpha to beta cell transdifferentiation in a zebrafish model (Ye 

et al, 2015). This was rescued by exogenous glucagon or Glp-1 agonist Exendin-4 treatment, 

reaffirming the notion that glucagon gene product signaling contributes to the destabilization 

of alpha cell identity. On the other hand, insulin signaling was shown to negatively affect alpha 

to beta cell fate switch, as treatment with Igfbp1, which is directly inhibited by insulin signaling, 

or embryonic insulin knockdown both triggered ectopic Pdx1 expression, loss of alpha cell 

identity and consequent alpha to beta cell transdifferentiation in murine, human and zebrafish 

islets (Lu et al, 2016; Ye et al, 2016). It therefore appears a delicate balance between insulin 
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and glucagon levels is necessary to unlock alpha cell plasticity. This could explain why near-

total beta cell ablation, and concomitant loss of insulin signaling, can drive alpha cells towards 

a beta cell fate in both murine and zebrafish models, independent of genetic perturbation 

(Thorel et al, 2010; Chung et al, 2010; Ye et al, 2015). More specifically, pioneering work from 

the Herrera lab revealed that upon diphtheria toxin-induced murine beta cell ablation, alpha 

cells convert to beta cells via an insulin and glucagon bihormonal cell phase (Thorel et al, 

2010), results later reproduced in zebrafish (Ye et al, 2015) and in toxic glucose analog-driven 

beta cell ablation in combination with pancreatic duct ligation (Chung et al, 2010). Interestingly, 

the same diphtheria toxin beta cell ablation model in prepubescent mice sees replenishment 

of the beta cell mass from a delta cell origin (Chera et al, 2014). Juvenile delta cells maintain 

the ability to downregulate FoxO1, dedifferentiate, proliferate and restore beta cells following 

loss, an ability lost with age and replaced with proliferation-independent alpha to beta cell 

direct conversion. 

 

In summary, depending on the stressor imposed on the pancreas, be it physical damage 

through pancreatic duct ligation, metabolic demand during obesity or pregnancy, transcription 

factor misexpression, or chemically and genetically induced beta cell destruction, as well as 

the developmental timing, the beta cell pool can be restored through beta cell replication or 

non-beta cell origins either via progenitor neogenesis or transdifferentiation (Figure 5). 

Importantly, this adaptation to stress is maintained throughout life, but it can be exacerbated 

following long-term insulin resistance and establishment of T2D. 
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Figure 5. Summary of various factors identified to induce beta cell regeneration 

Figure 5. Summary of various factors identified to induce beta cell regeneration.  
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1.4 Aims  

The aims of this thesis were to understand insulin transcriptional and translational regulation, 

as well as downstream protein biosynthesis, in diabetic beta cells and healthy alpha cells, i.e. 

respective models of diminished or repressed insulin expression. More specifically, we wanted 

to reverse the loss of beta cell identity and insulin expression observed in T2D islets post-

FoxO1 depletion, and identify and characterize new epigenetic factors mediating insulin 

silencing in wild-type, healthy alpha cells. Therefore, we performed (1) a high-content small 

molecule screen to uncover chemical inhibitors of beta cell dedifferentiation and (2) an RNA 

interference screen to isolate factors whose loss elicits an increase in insulin expression in 

alpha cells and promotes their transdifferentiation to beta cells. Elucidating and characterizing 

novel targets and pathways permitting the reversal of beta cell dedifferentiation or stimulation 

of alpha cell transdifferentiation ties into the strong therapeutic need of replenishing functional 

beta cell mass in diabetic patients and provides us with valuable information regarding the 

regulation and rescue of insulin expression, beta cell identity and functionality. 

 

 
 
Figure 6. Overview of the two projects constituting this thesis and their main respective aim 

Figure 6. Overview of the two projects constituting this thesis and their main respective aim: 

re-establishing insulin expression in dedifferentiated beta cells through chemical inhibition and 

inducing it in alpha cells via targeted genetic knockdowns.   
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2. RESULTS 

2.1 An inhibitor-mediated beta cell dedifferentiation model reveals 
distinct roles for FoxO1 in glucagon repression and insulin 
maturation  

Diabetic beta cells experience dedifferentiation and loss of insulin secretion upon prolonged 

exposure to hyperglycemia and insulin resistance. In order to study diabetic beta cells in detail 

and understand how to reverse their loss of insulin secretion, we established and 

characterized a cellular model system that successfully mimics FoxO1-mediated diabetic beta 

cell dedifferentiation in vitro. Performing a high content screen with this cellular model system 

identified the FDA-approved anti-diarrheal drug loperamide as a potent inducer of insulin 

biosynthesis. Through calcium mobilization, pH modulation and increased FoxO1 expression 

and nuclear import, loperamide promotes increased proinsulin trafficking, secretory granule 

maturation and insulin secretion. Importantly, loperamide could increase beta cell transcription 

factor expression and insulin secretion in diabetic human islets and ameliorate hyperglycemia 

in a diabetic murine model. Impressively, loperamide also decreased bihormonal 

insulin/glucagon-positive cells, characteristic of dedifferentiation, in favor of increased mono-

hormonal insulin-positive cells both ex vivo in human islets and in vivo in a diabetic murine 

model. 
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Abstract 

Objective: Loss of FoxO1 signaling in response to metabolic stress contributes to the etiology 

of type II diabetes, causing the dedifferentiation of pancreatic beta cells to a cell type 

reminiscent of endocrine progenitors. Lack of methods to easily model this process in vitro, 

however, have hindered progress into identification of key downstream targets and potential 

inhibitors. We therefore aimed to establish such an in vitro cellular dedifferentiation model and 

apply it to identify novel agents involved in the maintenance of beta cell identity. 

 

Methods: The murine beta cell line, Min6, was used for primary experiments and high content 

screening. Screens encompassed a library of small molecule drugs representing the chemical 

and target space of all FDA-approved small molecules with an automated 

immunofluorescence read-out. Validation experiments were performed in a murine alpha cell 

line as well as in primary murine and human diabetic islets. Developmental effects were 

studied in zebrafish and C. elegans models, while diabetic db/db mouse models were used to 

elucidate global glucose metabolism outcomes. 

 

Results: We show that short-term pharmacological FoxO1 inhibition can model beta cell 

dedifferentiation by downregulating beta-cell specific transcription factors, resulting in the 

aberrant expression of progenitor genes and the alpha cell marker glucagon. From a high 

content screen, we identified loperamide as a small molecule that can prevent FoxO inhibitor-

induced glucagon expression and further stimulate insulin protein processing and secretion 

by altering calcium levels, intracellular pH and FoxO1 localization.  

  

Conclusions: Our study provides novel models, molecular targets and drug candidates for 

studying and preventing beta cell dedifferentiation.   
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Introduction 
 
In type II diabetes initial peripheral insulin resistance often progresses to insulin deficiency 

caused by beta cell dedifferentiation and apoptosis. A key regulator of beta cell 

dedifferentiation is the transcription factor Forkhead box protein O1 (FoxO1). Prolonged and 

severe hyperglycemia results in the loss of FoxO1 expression and concomitant beta cell 

failure[1,2]. The dedifferentiation of beta cells via inhibition of FoxO family proteins is not yet 

fully understood, but it has been linked with decreased metabolic flexibility[3]. Introduction of 

a metabolic stressor to beta cells lacking FoxO1 triggers a loss of function and a subsequent 

increase in the pancreatic endocrine progenitor marker Neurogenin3 (Ngn3). Additionally, a 

subset of the dedifferentiated beta cells begin expressing the alpha cell marker glucagon, 

supporting the multi-lineage potential of these progenitors[4]. Notably, dedifferentiated beta 

cells have been identified in human islets from diabetic donors[5].  

 

Identifying mechanisms to inhibit or reverse beta cell dedifferentiation represent key goals in 

current type II diabetes research. Robust models to study this process in vitro have yet to be 

established[6]. Existing efforts to identify compounds that improve beta cell health have 

focused on differentiation models with knockouts of type II diabetes GWAS susceptibility 

genes DKAL1, KCNQ1, or KCNJ11[7] or on FGF2-mediated beta cell dedifferentiation[8]. 

Here, our aim was to establish an in vitro model for FoxO1-dependent beta cell 

dedifferentiation that was highly reproducible, did not rely on precious materials and was 

amenable for high-content screening. 

 

We hypothesized that pharmacological FoxO1 inhibition in beta cell lines could provide an in 

vitro model system for the beta cell dedifferentiation process observed in mice following 

genetic knock-out of the transcription factor FoxO1[4]. Here we show that pharmacological 

inhibition of FoxO1 in beta cell lines mimics many aspects of in vivo dedifferentiation. 

Subsequently, using a high content screening assay, we identify the small molecule 

loperamide to reverse aspects of this FoxO1 inhibition in beta cells. We show that it modulates 

calcium signaling, intracellular pH, secretory granule maturation and FoxO1 expression in 

pancreatic islet cells and causes corresponding physiological effects in vivo.  

 

Results 

A cellular model for beta cell dedifferentiation 
To establish a screenable model system for inhibitors of beta cell dedifferentiation, we treated 

the murine beta cell line Min6 with the selective small molecule FoxO1 inhibitor AS1842856 
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(FoxOi)[9] for 48 hours (Fig. 1A). We observed a ~3-fold reduction in insulin mRNA, 

accompanied by an upregulation of the pancreatic progenitor marker Ngn3 and a strong 

induction of the alpha cell marker glucagon (Fig. 1B and SFig. 1A), with comparable changes 

at the protein level (Fig. 1C, SFig. 1B and C). On a population level, most cells showed 

reduced insulin levels and in approximately a quarter of cells glucagon was strongly increased 

(Fig. 1D, SFig. 1D). In these cells, glucagon staining was granular and partially overlapped 

with the remaining insulin staining (Fig. 1E). Washout of the inhibitor for 48h successfully 

reestablished insulin protein levels, however the glucagon positive subpopulation remained 

stable and converted to a double-positive phenotype (SFig. 1E). It is possible that later time 

points post-washout might reveal a complete reversibility of the phenotype. Overexpression 

of a constitutively active form of FoxO1 significantly decreased the fraction of FoxOi-induced 

glucagon positive cells (SFig. 1F-H). Importantly, FoxOi caused gene expression changes 

comparable to the existing triple FoxO knockout mouse model[10], both in terms of FoxO1 

target genes (Fig. 1F) and genome-wide (SFig. 1I). Beta cell specific genes were 

downregulated, whereas progenitor (i.e. Sox9, Myc, Hes1) and alpha cell markers (i.e. Gcg, 

Mafb) were enriched (Fig. 1F and G). This correlates with depleted Pdx1, Nkx6-1, MafA and 

Mafb mRNA levels observed in diabetic human islets[11] and inactivation of these transcription 

factors after simulation of a diabetic milieu[11]. These results support the hypothesis that 

chemical inhibition of FoxO1 in this beta cell line is able to phenocopy the genetic depletion of 

FoxO in mice and generally mimic beta cell dedifferentiation. 
 

A high content screen identifies inhibitors of beta cell dedifferentiation 
We next wanted to test the suitability of our cellular system for the identification of small 

molecule dedifferentiation inhibitors. To do so, we used an immunofluorescence assay for 

glucagon and insulin on an automated microscope. The cells were treated with FoxOi for 48h 

in combination with a library of 283 representative, clinically-approved drugs covering the 

diversity of clinically used compounds with regards to chemical structure and molecular 

targets[12]. We found that a subset of these compounds caused an increase in insulin staining 

and a reduction in glucagon intensity compared to FoxOi treatment alone (Fig. 2A and SFig. 

2A). Among them, loperamide treatment was the most effective at antagonizing the actions of 

FoxOi without affecting cell numbers (Fig. 2A and B, SFig. 2A and B). When we analyzed 

gene expression changes caused by loperamide, we observed that the compound decreased 

glucagon mRNA levels regardless of FoxOi treatment (Fig. 2C and SFig 2C). Globally, 

loperamide countered FoxOi mediated transcriptional effects on transcription factors important 

for beta cell development (Fig. 2D), genes linked to beta cell metabolic inflexibility and 

dysfunction[3,10] (SFig. 2D), and insulin secretion (Fig. 2D and SFig. 2E). Interestingly, 

loperamide treatment had no effect on insulin mRNA levels (Fig. 2E and SFig. 3A), yet resulted 



RESULTS 

 33 

in a strong upregulation of intracellular insulin protein levels (Fig. 2F and SFig. 3B-E). 

Enhanced insulin biosynthesis (i.e. translation, processing) or hindered secretion could 

account for such changes. Glucose-stimulated insulin secretion assays, however, revealed an 

increase in secreted insulin following loperamide treatment in both low and high glucose 

conditions (Fig. 2G and SFig. 3F), able to fully counter the decrease induced by FoxOi. The 

most striking difference was noted when we compared the ratio of mature insulin to precursor 

proinsulin protein levels (SFig. 3C and D). 48-hour loperamide treatment induced a 6-fold 

increase compared to controls, suggesting a strong stimulation of proinsulin processing (Fig. 

2H). Combined, these initial results propose a role for loperamide in the reinforcement of beta 

cell character and function.  

 

Loperamide increases FoxO1 expression and nuclear localization promoting changes 
in calcium signaling 
Loperamide is a mu-opioid receptor agonist[13] which has been used for the treatment of 

diarrhea since the 1970s (FDA application No. 017694). In contrast to other opioid receptor 

agonists, loperamide does not have effects on the central nervous system. To test if activation 

of mu-opioid receptors could inhibit beta cell dedifferentiation and phenocopy loperamide’s 

actions, we used a novel mu-opioid receptor agonist, herkinorin, in combination with 

FoxOi[14,15]. Like loperamide, herkinorin prevented the decrease of insulin levels following 

FoxO inhibition. However, herkinorin did not inhibit the upregulation of glucagon in Min6 cells 

(SFig. 4A). To further investigate on- vs. off-target effects of loperamide, the opioid receptor 

antagonist naltrexone was used in combination with loperamide. While naltrexone did not 

prevent the loperamide-mediated decrease in glucagon or increase in insulin levels, the beta 

cell master regulatory transcription factor Pdx1 was repressed (SFig. 4B and C). In summary, 

loperamide’s effects on dedifferentiation cannot fully be explained by the activation of mu-

opioid receptors, supported by their noticeably low expression level in Min6 cells (SFig. 4D).  

 

Based on FoxOi’s published role as a selective FoxO1 inhibitor [9], we tested whether 

loperamide treatment had any effect on the expression levels or activity of FoxO1. 

Remarkably, we observed an increase in FoxO1 mRNA and protein levels (Fig. 3A and B, 

SFig 5A and B). Moreover, loperamide was able to completely rescue FoxOi’s suppression of 

FoxO1 transcription (SFig. 5A). Further experiments by subcellular fractionation of Min6 cells 

treated with loperamide uncovered that the increase in FoxO1 protein is mostly restricted to 

the nucleus (Fig. 3B and C), indicating that loperamide induces an increase in active nuclear 

FoxO1 protein. This increase occurs within hours and is maintained when loperamide is co-

treated with FoxOi (Fig. 3B, SFig. 5C and D). Immunofluorescence experiments highlight a 

positive cellular correlation between nuclear FoxO1 and insulin expression levels upon 
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loperamide treatment, with higher levels of both evident in approximately one third of cells 

compared to control (Fig. 3B).  

 

To determine whether the increase in nuclear FoxO1 also corresponded with an increase in 

genomic binding and activity, we compared our loperamide RNAseq dataset to published 

global FoxO1 ChIPseq results from murine islets[16]. A core positive enrichment was 

observed between genes bound by FoxO1 and upregulated with loperamide (SFig. 5E). Within 

those genes, a 26-fold enrichment in high voltage-gated calcium channels (VGCC) was 

identified (GO: 0061577) (Fig. 3D, SFig. 5F and G). Notably on the list were CaV1.2 (Cacna1c) 

and CaV1.3 (Cacna1d), the two major L-type calcium channel isoforms necessary for insulin 

secretion [17,18]. Interestingly, FoxOi treatment appears to globally downregulate genes 

related to calcium channel activity (SFig. 5H). Their loss is an early marker of beta cell 

dysfunction, but loperamide appears capable of rescuing their levels independently of FoxOi 

(Fig. 3D). In effect, previous studies on loperamide have suggested it increases free 

intracellular calcium levels (Harper et al, 1997; He et al, 2003). Coupled with this knowledge, 

we utilized the Fura-2 and Fluo-4 calcium stains to confirm a strong increase in intracellular 

calcium levels with loperamide (Fig. 3E and F).  

 

Increased intracellular calcium is able to trigger FoxO1 nuclear translocation in a CamKII-

dependent pathway in hepatocytes [19]. We observe an accumulation of active, 

phosphorylated CamKII in Min6 cells within hours of loperamide exposure, sustained during 

prolonged treatment (Fig. 3G, SFig. 5I). Treatment with KN-93, a CamKII inhibitor, significantly 

halted loperamide’s increase in insulin protein and FoxO1 nuclear localization (Fig. 3H, SFig. 

6A-D), supporting a role for the kinase downstream of loperamide and reinforcing a key role 

for calcium in beta cell maintenance. 

 

Loperamide counters FoxOi-mediated changes in pH 

It is widely accepted that regulation of intracellular pH and Ca2+ concentration play vital roles 

in pancreatic hormone processing and secretion[20,21]. Calcium and pH levels facilitate and 

dictate every stage of insulin’s biosynthesis process. Starting from proper proinsulin folding in 

the neutral rER, to proinsulin processing in the acidic and Ca2+-rich secretory granules. More 

specifically, the primary insulin processing enzymes, PCSK1/3 and PCSK2, require a 

minimum of 1 mM Ca2+ and an acidic pH of 5.0-5.5 to properly exert their function[22]. 

Furthermore, the final secreted hormone has an important autocrine function in regulating 

future transcription and secretion[23,24]. Perturbations to this delicate feedback loop via 

aberrant intracellular pH and Ca2+ changes could explain FoxOi’s role in effecting beta cell 

dysfunction and loperamide’s counteraction. 
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Consequently, we observed an increase in the majority of vacuolar ATPase subunits upon 

FoxO inhibition (SFig. 7A). This was accompanied by a global and glucagon granule specific 

increase in intracellular acidification (SFig. 7B-D). Treatment with loperamide reduced this 

FoxOi-induced intracellular acidification (SFig. 7B and C). Interestingly, another hit compound 

from our screen (SFig. 2A), chloroquine, is known to increase lysosomal pH[25]. We show that 

chloroquine treatment phenocopies many aspects of loperamide’s effects in the FoxOi-

mediated beta cell dedifferentiation model (SFig. 8), reaffirming the role pH plays in hormone 

processing. 

  

Loperamide alters the ER proteome, rescuing FoxOi-induced arrest of insulin granule 
maturation and promotes autophagy 
Analysis of our gene expression datasets for other deregulated pathways found a large subset 

of ER proteins involved in protein processing and transport to be downregulated following 

treatment of Min6 cells with loperamide (Fig. 4A and B). Notably, the most significantly 

decreased genes all corresponded to protein disulfide isomerases (i.e. P4hb, Pdia3, Pdia4 

and Pdia6) (Fig. 4A, SFig 9A). While necessary for the proper folding of proinsulin, knockdown 

of P4hb induces faster export, maturation and secretion of newly synthesized proinsulin with 

an increased insulin to proinsulin ratio [26], highly reminiscent of loperamide’s phenotype (Fig. 

2F-H) and a possible explanation for the increased proinsulin turnover. Interestingly, 

loperamide also upregulated both ER calcium ATPases, Serca2 and Serca3 (Fig. 4A, SFig. 

9B-D), with increases in Serca2 protein and mRNA observed as early as 3 hours post-

loperamide treatment (Fig. 4C and SFig. 9B). Serca2’s locus is bound by FoxO1 in multiple 

tissues [16,27,28], suggesting its upregulation is downstream of FoxO1’s translocation. To 

understand SERCA’s role in loperamide’s phenotype, we treated our beta cell line with the 

SERCA inhibitor, thapsigargin. Thapsigargin induced a significant decrease in proinsulin and 

SERCA protein levels already within 2 hours (SFig. 9E and F). 24-hour thapsigargin treatment 

further decreased both pro- and mature insulin protein levels (Fig. 4D, SFig. 9G and H). 

Interestingly, while co-treatment of loperamide with thapsigargin incited a decrease in the total 

levels of proinsulin and insulin, the ratio of insulin to proinsulin remained significantly increased 

(Fig. 4E, SFig. 9I). This suggests that while proinsulin generation and export require ER 

calcium stores, loperamide’s role in granule maturation does not. Disruption of the trans-Golgi 

network (TGN), the site of secretory granule packaging and proinsulin processing initiation, 

perfectly mirrored this result (SFig. 10A-C). Contrastingly, prolonged loss of prohormone 

convertase activity depleted all insulin stores and countered loperamide’s glucagon decrease 

(SFig. 10D).  
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The importance of a processable proinsulin pool for loperamide’s action was further 

strengthened upon co-inhibiting translation and prohormone convertase activity. While 

translation inhibition predictably diminished proinsulin levels, downregulation of mature insulin 

protein was only observed following prohormone convertase co-inhibition (Fig. 4F). This 

reinforces the notion that while active translation is necessary to maintain the proinsulin pool, 

loperamide sustains mature insulin levels via a different mechanism, i.e. enhanced processing 

within secretory granules, which relies heavily on prohormone convertases. 

 

In line with increased export and proinsulin processing, analysis of FoxOi and loperamide 

treated Min6 cells revealed a discrepancy in the localization of insulin/proinsulin. Upon FoxOi 

treatment, insulin/proinsulin stains are highly colocalized and restricted to regions in the 

nuclear periphery, whereas loperamide induces an increase in granules near the membrane 

(Fig. 3B, SFig. 10E). 

 

Ultrastructural studies reinforce previous findings, revealing an overall decrease in insulin 

secretory granules with FoxOi, a phenotype prevented upon loperamide addition (Fig. 4G and 

SFig. 11). Interestingly, an abundance of smaller (80-120nm) granules with an electron-lucent 

core is evident, specifically in DMSO and FoxOi treated Min6 cells (Fig. 4G-I and SFig. 11; 

green arrows). These most likely represent very early stage or stalled secretory granules[29]. 

Strikingly, loperamide treatment, regardless of FoxOi, minimized the number of these small 

nascent granules in favor of an observable increase in larger (200-300nm) mature insulin 

granules with a concomitant increase in (autophago-)lysosomes (Fig. 4G-I and SFig. 10F and 

11; blue and red arrows). This is corroborated by loperamide’s transcriptional enrichment of 

genes involved in autophagosome maturation (SFig. 10G and H). To further validate these 

observations, we tested whether loperamide promotes autophagy by blotting for the 

autophagosome marker LC3B. On its own, loperamide induces a mild increase in LC3B-II and 

decrease in LC3B-I levels (Fig. 4J). Co-treatment with Bafilomycin A1 (BafA1), a potent 

inhibitor of autophagolysosomal fusion, revealed no synergistic increase in LC3B-II levels, 

indicative of loperamide stimulating autophagic flux (Fig. 4K). Active autophagy is essential 

for the maintenance of functional healthy beta cells and optimal insulin content [30–32]. 

Hence, it appears loperamide stimulates both the maturation of insulin granules, while equally 

regulating their concentration by promoting healthy lysosomal recycling. 

 

Many of these pathways are conserved in the different endocrine cell types, and we therefore 

tested drug effects in the alpha cell line aTC1 (SFig. 12). We observed that also in alpha cells 

loperamide represses glucagon and increases FoxO1 and Serca2 levels. 

 



RESULTS 

 37 

Loperamide counters FoxO inhibition in multiple model systems 
FoxO proteins are known to promote dauer formation in C. elegans[33] (Fig. 5A). Therefore, 

we used it as a model organism to test the effects of FoxOi and loperamide. Interestingly, the 

chemical inhibition of FoxO decreased the dauer formation rate (Fig. 5B, left), as expected 

from loss of FoxO, while loperamide increased it (Fig. 5B, right). These results support the 

conclusion that loperamide’s effects on FoxO proteins are conserved in different organisms.  

 

We next tested the compounds in a zebrafish model. Interestingly, loperamide was able to 

rescue a FoxOi-induced developmental defect in the zebrafish (Fig. 5C), underscoring its 

ability to counteract FoxOi’s global effects. To observe the effects of loperamide during islet 

development, we utilized zebrafish larvae carrying double reporters: Gcg-GFP and Ins-

mCherry. High concentrations of loperamide resulted in increased alpha and beta cell 

numbers (Fig. 5D, SFig. 13A and B).  

 

Next, we treated intact human islets from healthy donors with loperamide for 48h to test the 

compound’s effects on mature, ex vivo, human alpha and beta cells. Compared to the control 

population, loperamide treatment decreased the number of alpha cells and increased beta cell 

and double positive cell numbers (Fig. 5E). Loperamide treatment also dramatically decreased 

glucagon transcription, however without a significant effect on insulin transcription (Fig. 5F), 

consistent with previous findings. Contrastingly, analysis on human islets from diabetic donors 

treated with loperamide revealed an increase in insulin mRNA and protein levels (Fig. 5G, 

SFig. 13C). This was accompanied by a decrease in glucagon and increase in PDX1, 

SERCA2, SERCA3, CACNA1C, CACNA1D and FOXO1 expressions (SFig. 13D). At the 

transcriptome-wide level, loperamide treatment led to a general suppressive effect on alpha 

cell specific genes (SFig. 13E). Loperamide also appeared to rescue the glucose 

responsiveness of these diabetic islets, sparking a significant increase in insulin secretion 

upon high glucose treatment (Fig. 5H). We further validated these results in a diabetic murine 

model, with similar increases in insulin mRNA, protein and secretion observed upon 

loperamide treatment (Fig. 5I, SFig 13F and G). Overall, these results strengthen the notion 

that loperamide has a positive influence on beta cell identity and function also in relevant 

models of diabetic islets. 

 
Loperamide decreases fasting blood glucose and double positive islet cells in diabetic 
mice 
At present, no studies have focused on the long-term effects of loperamide treatment on 

glucose metabolism in a diabetic setting. Thus, we set out to study its systemic effects by 

treating 8-week-old db/db mice on a chow diet with loperamide or vehicle (a mix of DMSO, 
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PEG300, Tween-80 and PBS at a 1:4:0.5:4.5 ratio) for 4 weeks. Loperamide treatment 

triggered a striking decrease in fasting blood glucose levels with no change in overall body 

weight (Fig. 6A and B). The vehicle-treated mice had a high average fasting blood glucose 

concentration of 304.5 mg/dL characteristic of a diabetic mouse model. The loperamide-

treated group, on the other hand, had an average fasting concentration of 156.4 mg/dL, almost 

half that of the control-treated mice, and well below the 250 mg/dL threshold generally used 

to stratify diabetic mice [34]. Furthermore, following a 20-minute IP glucose tolerance test 

(IPGTT), blood glucose concentrations remained lower in the loperamide-treated mice (Fig. 

6A). Interestingly, serum insulin concentrations post-IPGTT were also significantly decreased 

with loperamide (Fig. 6C). Based on the observed decrease in blood glucose levels, one would 

expect a concomitant increase in circulating insulin. These results, therefore, suggest that 

loperamide treatment likely accelerates glucose clearance, indicative of improved insulin 

sensitivity. Conversely, glucagon serum levels remain unchanged relative to control (Fig. 6D). 

These changes were specific to diabetic mice, as no significant effects were observed in wild-

type treated animals (SFig. 14A-C). 

 

Next, we wanted to identify whether long-term loperamide treatment had any islet-specific 

effects. Islet immunofluorescence analysis in the control mice revealed a large number of 

insulin/glucagon double positive cells (Fig. 6E and F), accounting for 10% of total islet volume, 

characteristic of diabetic islets [35,36]. Strikingly, this number was significantly reduced in the 

loperamide-treated animals (Fig. 6F). Thresholded Manders correlation coefficient (MCC) 

colocalization quantifications reiterated these results, with decreased colocalization observed 

in both the insulin and glucagon channels (Fig. 6G and H). This effect was especially 

pronounced in the insulin channel, underscoring that loperamide treatment dramatically 

increased the percent of mono-hormonal insulin-positive cells (Fig. 6G). Comparisons of total 

islet volume occupied by insulin or glucagon signal reinforced these findings, highlighting a 

decrease in glucagon area from 18% to just over 10% of total with loperamide, with no change 

to insulin (Fig. 6I and J). Hence, it would appear loperamide specifically represses the 

emergence of glucagon expression in insulin-positive cells. The high Aldh1a3 expression 

observed in the control mice is a further characteristic of dedifferentiated beta cells [10], also 

strikingly reduced by loperamide treatment (Fig. 6K and L). Mechanistically, we also detected 

a noticeable increase in FoxO1 protein levels upon loperamide treatment (SFig. 14D and E), 

in line with observations in Min6 cells (Fig. 3A and B) and in diabetic human islets (SFig. 13D). 

FoxO1 deficiency is another known driver and marker of beta cell dedifferentiation [4]. Thus, 

loperamide’s ability to enhance FoxO1 expression and minimize Aldh1a3 levels and double 

positive cell numbers suggest loperamide’s reinforcement of beta cell character is conserved 

in vivo, and for the first time show that long-term loperamide treatment has globally positive 
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effects on glucose metabolism. 

 

Discussion 

Beta cell failure as a result of sustained insulin resistance is the key driver in the pathogenesis 

of type II diabetes. Beta cell death, dysfunction and dedifferentiation have been proposed as 

the main sources of this failure[6]. Interfering with this process might prevent, or at least delay, 

the progression of diabetes and therefore underscores an important therapeutic target.  

 

Physical evidence supporting the presence of beta cell dedifferentiation include increased 

numbers of hormone-negative cells[5,37], double positive cells[35,36] and degranulated beta 

cells[38] in islets from type II diabetic patients. The molecular basis for this loss of beta cell 

identity remains to be fully elucidated. Several proposed mechanisms exist in addition to loss 

of FoxO1 signaling, such as decreased PRC2-mediated progenitor gene silencing[39], 

oxidative-stress mediated upregulation of microRNAs targeting beta cell transcription 

factors[40–43], and hypoxia induced adaptive UPR inactivation[21].  

 

We developed an in vitro cell system that allowed us to specifically study and understand the 

molecular mechanisms underlying FoxO1-mediated beta cell dysfunction. In our cellular 

system, beta cell dedifferentiation can be robustly induced by a two-day treatment with a small 

molecule FoxO inhibitor. This phenotype is not restricted to the cell line model, as we have 

recently shown that the compound also induces beta cell dedifferentiation in primary human 

and murine pancreatic islets[44]. With this cellular beta cell dedifferentiation model, we 

uncovered that increased intracellular acidification is a critical step in beta cell 

dedifferentiation. By performing a high-content chemical screen, we identified the approved 

drug loperamide to counteract the observed dedifferentiation by neutralizing intracellular pH, 

mobilizing intracellular calcium ions, enhancing insulin processing and elevating FoxO1 

expression and activity (Figure 7). 

 

More specifically, loperamide triggers a calcium and CamKII-dependent nuclear shift of FoxO1 

with a concomitant increase in the expression of over 1000 of its target genes. An important 

fraction of these genes are involved in calcium ion mobilization into the cytoplasm and the ER. 

The most notable of these: SERCA2, CACNA1C and CACNA1D are reduced in the islets of 

diabetic mice and humans [17], highlighting their importance in beta cell maintenance. 

Loperamide’s increase in SERCA2, coupled with its decrease in protein disulfide isomerases, 

most likely provides the heightened pool of exported proinsulin near the membrane. In effect, 

glucose uptake triggers an increase in insulin processing, mature granule numbers and 
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secretion by invoking an initial increase in ER calcium levels [45], highlighting a parallel 

between glucose and loperamide. Secretion relies on heightened local concentrations of 

calcium, ten times higher than the cytoplasmic average. These are observed near clusters of 

CaV1.2, CaV1.3 and actively secreted insulin granules [18,20]. This clustering is disrupted in 

type II diabetic islets, indicative of their stunted secretion. Loperamide successfully counters 

this by increasing secretion and the expressions of CaV1.2 and CaV1.3 in diabetic islets.  

 

Loperamide equally neutralizes intracellular pH which is known to further affect calcium 

signaling and secretion[46]. Acidification of secretory vesicles is an important event required 

for the posttranslational processing of proinsulin to the mature hormone[47]. In effect, loss of 

the a3 isoform of V-ATPase, which is highly expressed in alpha and beta cells, results in 

reduced insulin and glucagon secretion[48]. Typically, effects of increasing granule pH on 

impaired prohormone convertase activity are studied. Since prohormone convertases have a 

relatively tight pH optimum in the range of pH 5-5.5, the lowered pH we observe following 

FoxO inhibition might also be responsible for impaired hormone processing and secretion. 

Finally, since glucose controls V-ATPase activity, which in turn is required for PKA 

signaling[49], it is clear that intracellular pH, calcium and glucose signaling are all tightly 

interwoven and that all three are affected by FoxOi and loperamide. 

 

Limited literature exists regarding loperamide’s in vivo effects on glucose metabolism. 

Encouragingly, a few studies observed that IV-injected loperamide dramatically decreased 

serum glucose concentrations in streptozotocin (STZ)-induced diabetic rats within three 

days[50–52]. Interestingly, this decrease was only observed in STZ-induced and obese 

Zucker rats [53] but not in non-diabetic Wistar rats, suggesting it may functionally ameliorate 

organs affected in diabetes such as islets, liver or muscle. Consistently, patent 

US20050234100 specifically attributes loperamide’s effects to the improvement of insulin 

sensitivity in fructose-induced insulin resistant rats. Unfortunately, all of these represented 

short-term treatments, from minutes to three days. Consequently, ours is the first study to 

focus on the long-term effects of loperamide on glucose metabolism. Excitingly, we could show 

that the decrease in blood glucose concentrations is maintained after 4-week treatment, as 

well as the potential increase in insulin sensitivity. In effect, our observations that: (1) long-

term in vivo loperamide treatment decreases double positive islet cell numbers and Aldh1a3 

levels in diabetic mice and (2) ex vivo loperamide treatment increases insulin secretion and 

expression in diabetic islets, are the first to support the hypothesis that loperamide exerts its 

effects on glucose metabolism directly via the islets. However, the decrease in serum insulin 

levels post-loperamide coupled to the unchanged serum glucagon concentrations suggest the 

effect is more complex and likely relies on multiple tissues. 
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In summary, we established a novel screenable cellular assay to model beta cell 

dedifferentiation, amenable to transcriptional studies and high-throughput screening. With this 

model we identified the small molecule loperamide, which successfully increases mature 

insulin protein levels and secretion in various models of beta cell failure. These results should 

help accelerate our understanding of the mechanisms underlying beta cell dedifferentiation 

and aid in the development of future therapies for beta cell failure in diabetes.



RESULTS 

 42 

Materials and Methods 
 
Reagents 

Antibodies used in this project are directed against Insulin (Agilent Dako IR00261-2 and 

Abcam ab7842 (Fig. 4F)), Glucagon (Abcam ab92517), Histone H2B (Cell Signaling 

Technology 2934), beta Actin (Abcam ab8227), alpha Tubulin (Abcam ab7291), FoxO1 (Cell 

Signaling Technology 2880P), Aldh1a3 (Novus Biologicals NBP2–15339), p-CamKII (Cell 

Signaling Technology 12716T), CamKII (Santa Cruz Biotechnology sc-13141) and LC3B 

(Novus Biologicals NB100-2220). The FoxO inhibitor AS1842856 and Proprotein Convertase 

inhibitor (US1537076) were obtained from Calbiochem. Herkinorin (ab120147) and 

Naltrexone (ab120075) were ordered from Abcam. Golgicide A (HY-100540) was acquired 

from MedChemExpress. Thapsigargin (BML-PE180-0001) came from Enzo Life Sciences. 

Chloroquine (C6628), loperamide (L4762), cycloheximide (01810), KN-93 (K1385) and 

primers were obtained from Sigma. All the fluorescently labeled secondary antibodies were 

purchased from Thermo Fischer Scientific.  

 
Cell culture 

Min6 and alpha-TC1 cell lines were obtained from ATCC. Min6 cells were grown in high-

glucose DMEM supplemented with 15% Tet System Approved FBS (Biowest S181T), 71µM 

2-mercaptoethanol, 50 U/mL penicillin and 50 µg/mL streptomycin. The mouse pancreatic cell 

line alpha-TC1 was grown in low-glucose DMEM medium supplemented with 10% FBS, 50 

U/ml penicillin and 50 µg/ml streptomycin. 

 

Human Islets 
Donor Information 

 Gender Age (years) BMI HbA1c Source Figure 

1 Female 42 27.7 - 
ECIT; 

University of Geneva 
5F 

2 Female 57 28.0 5.5% 

IIDP; 

Southern California Islet 

Cell Resource Center 

5F 

3 Female 56 26.6 - 

IIDP; 

The Scharp-Lacy 

Research Institute 

5F 

4 Female 62 29.8 5.5% IIDP; 5E-F 
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Southern California Islet 

Cell Resource Center 

5 Male 47 28.0 8.2% 
IIDP; 

University of Wisconsin 
 

5G-H 

and 

SFig. 

13E 

6 Female 62 28.5 7.6% 

IIDP; 

Southern California Islet 

Cell Resource Center 

5G-H 

and 

SFig. 

13C-D 

 

Human islets were obtained through the Integrated Islet Distribution Program (IIDP; NIH Grant 

# 2UC4DK098085) and the European Consortium on Islet Transplantation (ECIT): Islets for 

Basic Research Program from approved brain-dead organ donors (JDRF awards 31-2012-

783 and 1-RSC-2014-100-I-X). All studies were approved by the Ethics Committee of the 

Medical University of Vienna (EK-Nr. 1228/2015). No material or information for this study was 

procured from living individuals. Human islets were cultured in CMRL medium (Life 

technology) supplemented with 10% FBS, 2 mM glutamine, 100 U/mL penicillin, and 100 

µg/mL streptomycin. Intact islets were treated with different drugs for two days. Half of the 

intact islets were collected for RT-qPCR or RNAseq. The other half of the islets were incubated 

in Accutase (Life technology) at 37 °C for 20 min, neutralized by CMRL medium, seeded to a 

384 well plate and utilized for immunofluorescence assays. 

 

High-content screening 

Compounds (10mM in 25 nL) were transferred to 384-well plates (Corning 3712) from DMSO 

stock plates using acoustic transfer (Labcyte Inc.). Min6 cells (3000 cells per well) incubated 

with 10µM FoxO inhibitor were plated in 50 µl media on top of the compounds. Two days after 

treatment, cells were fixed in 3.7% formaldehyde for ten minutes at room temperature. 

Following PBS washing, cells were fixed with cold pure methanol in -20°C for 10 minutes, 

permeabilized by 1% Triton X-100 in PBS for 30 minutes and blocked by 3% BSA in PBS for 

30 minutes. Twenty microliters of primary anti-Insulin antibody and anti-Glucagon antibody, 

both diluted in 1:2000 in 1.5% BSA, was added per well and incubated in 4 °C overnight. After 

washing with PBS twice, 20µl fluorescence labeled secondary antibody diluted 1:1000 and 

10µg/mL Hoechst 3342 in PBS was added per well and incubated for 1 h. After two washes 

with PBS, plates were stored in 4 °C in the dark until analysis.  
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Images were taken by an automated microscope (Perkin Elmer) using a 20X objective. Images 

were exposed for 10 ms in Hoechst channel and 400 ms in Alexa Fluor 488 and 546 channels. 

Images were analyzed by Harmony software. Nuclei were identified by Harmony Method C 

and cytoplasm was defined based on the nuclei (Harmony Method C). In total, 283 compounds 

were screened from the CLOUD library, CeMM’s collection of clinical approved drugs with 

unique structures. Hits were selected based on the intensity of Insulin in the Alexa Fluor 548 

channel, intensity of glucagon in the Alexa Fluor 488 channel, amount of DNA and cell 

numbers in the Hoechst channel. Cells whose Hoechst intensity was lower than 1000 were 

treated as dead cells and removed from the screening. All the other immunofluorescence 

assays were done and analyzed in the same way unless otherwise specified.  

 

RNA-sequencing  
Cells were lysed and RNA isolated using the RNeasy Mini Kit (Qiagen) according to the 

manufacturer’s protocol. The libraries for RNA-seq for 24h induction in Min6 cells were 

prepared with Ribo-zero Kit and Scriptseq v2 Kit obtained from Epicenter by following the 

manual from the provider. For the rest of the RNA-seq libraries the amount of total RNA was 

quantified using Qubit 2.0 Fluorometric Quantitation system (Life Technologies) and the RNA 

integrity number (RIN) was determined using Experion Automated Electrophoresis System 

(Bio-Rad). RNA-seq libraries were prepared with TruSeq Stranded mRNA LT sample 

preparation kit (Illumina) using Sciclone and Zephyr liquid handling robotics (PerkinElmer). 

Library amount was quantified using Qubit 2.0 Fluorometric Quantitation system (Life 

Technologies) and the size distribution was assessed using Experion Automated 

Electrophoresis System (Bio-Rad). For sequencing libraries were pooled and sequenced on 

Illumina HiSeq 2000 using 50 bp single-read.  Reads were aligned with tophat (v2.0.4) with 

the --no-novel-juncs --no-novel-indels options[54]. Gene expression was calculated as 

Fragments Per Kb per Millions of reads (FPKMs) using FPKM_count.py from RSeQC 

package[55] and the NCBI RNA reference sequences collection (RefSeq) downloaded from 

UCSC[56]. The enrichment calculation was done by Gene Set Enrichment Analysis[57]. The 

basal expressions of genes in alpha and beta cells were taken from microarray data in 

literature[58,59]. 

 
RT-qPCR 

After the RNA was isolated with the RNeasy Mini Kit (Qiagen), it was reverse transcribed with 

random primers using the High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems). Quantitative PCR was performed with Power SYBR Green PCR Master Mix 

(Applied Biosystems) on LightCycler 480 qPCR machine (Roche). All the results were 

analyzed using the delta-delta-Ct method, normalized to beta-actin and representative of 3 
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biological replicates and 2 technical replicates. Primer sequences used are the same as 

previously published ones[60,61] except for mouse Ngn3 (F: 

5’TCCGAAGCAGAAGTGGGTGACT; R: 5’CGGCTTCTTCGCTGTTTGCTGA), mouse FoxO1 

(F: 5’GGGTGATTTTCCGCTCTTGC; R: 5’GGGTGATTTTCCGCTCTTGC) and mouse MafA 

(F: 5’TTCAGCAAGGAGGAGGTCAT; R: 5’CCGCCAACTTCTCGTATTTC). 

 
Western blotting 
Whole cell extracts were generated by lysing cells in Triton lysis buffer containing 150 mM 

sodium chloride, 1mM EDTA, 1.0% Triton X-100 and 50 mM Tris, pH 7.4 supplemented with 

Protease Inhibitor Cocktail (Roche). 20 µg whole-cell lysates were loaded onto an SDS–

polyacrylamide gel and then transferred by electrophoresis to a nitrocellulose membrane (GE 

Healthcare Life Science). All the blots were incubated with corresponding primary antibodies 

diluted 1:1000 in 5% milk at 4 ºC overnight and in HRP-labeled secondary antibodies diluted 

1:20000 for 1h at RT. The signals were detected using ECL Prime Western Blotting Detection 

Reagent (Amersham). 

 

Intracellular insulin and proinsulin content measurements 
Min6 cells were pretreated with FoxOi and loperamide for 48 hours. Cell pellets were lysed 

using Triton lysis buffer and intracellular insulin and proinsulin levels were measured using an 

Insulin ELISA (Alpco 80-INSMS-E01) or Proinsulin ELISA (Mercodia 10-1232-01). All results 

are representative of 3 biological replicates and 2 technical replicates. 

 

Insulin secretion assay in mouse beta cell line and murine islets 
Min6 cells were pretreated with FoxOi and loperamide for 48 hours. Cells were incubated in 

low glucose (0.3 g/L glucose) KRB buffer for one hour followed by high glucose (3 g/L glucose) 

KRB buffer for another hour. Supernatants after both the low and high glucose challenges 

were collected to measure insulin content using a Mouse Insulin ELISA (Alpco 80-INSMS-

E01). All results are representative of 3 biological replicates and 2 technical replicates.  

 

Islets from db/db mice (GemPharmatech, Nanjing) were purified and cultured in high-glucose 

DMEM supplemented with 10% FBS (Gibco), 50 U/mL penicillin and 50 µg/mL streptomycin. 

The islets were pretreated with loperamide for 48 hours. Islets were incubated in low glucose 

(0.3 g/L glucose) KRB buffer for one hour followed by high glucose (3 g/L glucose) KRB buffer 

for another hour. Supernatants after both the low and high glucose challenges were collected. 

The islets were also collected after high glucose challenges and lysed with Triton lysis buffer 

for intracellular insulin content measurement. To measure insulin content, a Mouse 

Ultrasensitive Insulin ELISA kit was used (Alpco 80-INSMSU-E01).  
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Intracellular pH measurement 
To measure the intracellular pH change in Min6 cells, they were pretreated with FoxOi with or 

without chloroquine/loperamide for two days. The measurement was performed using 

pHrodo® Red AM Intracellular pH Indicator (Life technologies) following the manufacturer’s 

guidelines. The images were taken by an automated microscope (Operetta - Perkin Elmer) 

using a 20X objective and the relative intensity was quantified using the Harmony software. 

All results are representative of 3 biological replicates. 

 

Calcium staining 
The calcium staining was done in live Min6 cells with a Fura-2 kit (F-1201, Life technologies). 

Min6 cells were seeded and pretreated with loperamide for 18h before the assay. The staining 

was performed according to the manufacturer’s guidelines. Min6 cells were also stained with 

2µM Fluo-4 AM (ab241082, Abcam) in KRB buffer supplemented with 0.1% Pluronic® F127 

and 2mM probenecid for 30 minutes at 37°C, followed by 30min at RT prior to 2h loperamide 

treatment at 37°C. All results are representative of 3 biological replicates. 

 

Electron Microscopy 
Min6 cells were grown on Aclar® fluoropolymer discs (Aclar® 33C, 199µm thickness; EMS, 

Hatfield, USA) after sterilizing and pre-soaking the discs in media. After a 48h treatment with 

either DMSO, FoxOi, Loperamide or the combination of FoxOi and Loperamide, the cells 

reached a confluency of about 80-90%. The discs were immersed in EM-grade glutaraldehyde 

(Agar Scientific, Essex, UK) diluted to 2.5% in 0.1M cacodylate buffer pH 7.4 and fixed for 1h 

at RT. After rinsing in 0.1M cacodylate buffer, post-fixation was done in 0.5% osmium tetroxide 

(prepared from crystals; EMS, Hatfield, USA) diluted in 0.1M cacodylate buffer for 1h on ice, 

followed by further washing steps. Samples were dehydrated in a graded series of acetones: 

40%, 60%, 80%, 95% and 2x 100% for 5min each, done on ice. Infiltration with epoxy resin 

(Agar 100; Agar Scientific, Essex, UK) was done in mixtures of acetone and resin in the 

following ratios: 2:1, 1:1 and 1:2 for 30min each at RT, followed by 1h in pure, freshly thawed 

resin. Polymerization took place at 60°C for 48h. Ultra-thin sections with a nominal thickness 

of 70nm were cut on a Leica UCT ultramicrotome (Leica Microsystems, Vienna, Austria) and 

picked up on 100mesh Cu/Pd grids (Agar Scientific, Essex, UK), previously coated with a 

formvar support film. For enhanced contrast, the sections were post-stained with 2% aqueous 

uranyl acetate pH 4 (Merck, Darmstadt, Germany) and Reynold’s lead citrate. Inspection of 

the grids was done in a FEI Morgagni 268D TEM (Thermo Fisher, Eindhoven, The 

Netherlands), operated at 80kV. Examination regions on the sections were selected randomly. 
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Digital images were acquired using an 11 megapixel Morada CCD camera from Olympus-SIS 

(Muenster, Germany). Granule measurement analysis was performed using Fiji/ImageJ. 

 

Dauer formation  
C. elegans strain CB1370 carrying the daf-2(e1370) allele (hypomorphic allele of the 

insulin/IGF-like receptor that makes animals prone to form Dauer larvae) was seeded by egg-

lay onto plates containing FoxOi or loperamide at concentrations of 0, 5, 10, or 50 µM. For 

testing the effect of FoxO1 inhibitor on the suppression of dauer formation, worms were then 

grown at 23°C. For testing the effect of loperamide on the promotion of Dauer formation, 

worms were grown at 22°C. Animals were evaluated after 7 days by scoring their survival after 

a 30 min treatment with 1% (w/v) SDS. 

 

Zebrafish larvae assay 
Larvae of intercross Gcg:GFP and ins:NTR-mcherry fish were treated 26hpf (fertilization) with 

loperamide; on day 5 they were sorted for potentially double positive larvae (stereo 

microscope), embedded into agarose and pictures were taken on the confocal at 25x. With 

these pictures 3D models of the islets were established and the GFP positive cells and 

mCherry positive cells were counted by a 3D imaging tool. 

 

Mouse models 
All the animal experiments were performed in the SPF level animal facility of Fudan University 

School of Life Science, according to procedures approved by the experimental animal ethics 

committee of Fudan University School of Life Sciences. The 8-week old db/db mice or wild-

type C57 B6/J mice (GemPharmatech, Nanjing) were maintained under a 12 h light/12 h dark 

cycle at constant temperature (23°C) with free access to chow diet and water. Loperamide 

(MedChemExpress, China) was freshly prepared daily as DMSO: PEG300: Tween 80: Saline 

in a ratio of 1:4:0.5:4.5. The mice were treated with vehicle or loperamide at 1 mg/kg via 

intraperitoneal injection daily. The mice were fasted overnight and IPGTT was performed by 

injecting 1g/kg glucose in PBS. After 4-week treatment, the mice were sacrificed in a CO2 

chamber and the pancreata were collected into a 4% PFA solution for fixation. 

Immunofluorescence was performed as previously described[61]. Colocalization 

quantifications were performed using the ImageJ plugin “Colocalization Threshold”. 

Quantifications were done on individual islets isolated within each image using a specified 

Region of Interest. Signal thresholds were determined using the Costes method. The resultant 

thresholded Manders correlation coefficients were then used. Total volume was determined 

based on total pixel number per islet, consequent percent volume colocalized references the 

number of pixels positive for both the red and green channels above the set threshold as a 
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fraction of the total islet pixels, whereas the percent insulin and glucagon values correspond 

to pixels positive for the red or green channel respectively. Mean FoxO1 and Aldh1a3 

intensities per cell were calculated using CellProfiler, with Hoechst and insulin counterstains 

used to specify nuclei, cytoplasm and beta cells. 

 

Statistical methods 
 All the p-values were calculated by Student’s t-test, unless otherwise specified.  
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A. Schematic overview of our cellular model for FoxO mediated beta cell dedifferentiation, with 

potential to screen for inhibitors. B. Transcription of Ins2, Gcg and Ngn3 in Min6 cells after 

two-day FoxO inhibitor (FoxOi, 1 µM unless otherwise stated) treatment, as measured by 

qPCR. C. Western blot of glucagon and insulin protein expression in Min6 cells following two-

day FoxO inhibitor treatment. D. Measurement of insulin and glucagon intensity in Min6 cells 

treated with FoxO inhibitor at the single cell level, as quantified by immunofluorescence. E. 
Representative images of Min6 cells stained for insulin and glucagon after two-day treatment. 

Scale bars = 10 µm. F. RNAseq transcriptional expression changes in pancreatic endocrine 

factors after 2-day FoxOi treatment versus control DMSO treatment in Min6 cells. All RNAseq 

results are representative of 3 biological replicates (n=3). G. Gene Set Enrichment Analysis 
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(GSEA) showing downregulation of mouse (left)[58,59] and human (right)[61] beta cell specific 

genes with FoxO inhibitor treatment. 

A. Overview of the small molecule screening results. All the results were normalized to the 

DMSO control. Each dot represents the mean value of three replicates. Results whose 

standard deviations were more than 20% of the mean values were removed. Compounds that 

decreased mean cell numbers by more than 20% were considered cytotoxic and were also 

removed. Hit Cluster = all compounds that yielded a greater than 1.5-fold increase in insulin 

intensity. B. Representative images of Min6 cells treated with/without FoxO inhibitor in 

combination with loperamide (5µM unless otherwise stated). Scale bar = 10 µm. C. 
Loperamide suppresses FoxOi-induced glucagon transcription in Min6 cells, as measured by 

RNAseq with Fragments per Kilobase of transcript per Million mapped reads (FPKM). D. 
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Rescue of the expression of genes involved in insulin secretion with loperamide in Min6 cells 

treated with FoxOi for 48h, as measured by RNAseq. E. Loperamide does not affect insulin 

mRNA levels, as measured by RNAseq. F. Intracellular insulin and proinsulin protein 

concentrations in Min6 cells following 48h FoxOi/loperamide treatment, as measured by 

ELISA. G. Insulin secretion from Min6 cells in low (0.3 g/L) and high (3 g/L) glucose medium 

pretreated with FoxOi and loperamide for 48h. H. Insulin to proinsulin total protein ratio 

following 48h FoxOi/loperamide treatment, relative to DMSO control, measured by ELISA. 
 

 
A. Western blot showing an increase of FoxO1 protein with loperamide treatment in Min6 cells. 
B. Top: Representative immunofluorescence images of Min6 cells treated with loperamide 

and FoxOi for 48h. Scale bar = 10µm. Bottom: Quantification of insulin and nuclear FoxO1 

intensities at the single cell level. C. Western blot of FoxO1 protein expression in the cytoplasm 



RESULTS 

 52 

vs. nucleus of Min6 cells following different doses of loperamide treatment. D. mRNA levels of 

L-type voltage-gated calcium channels Cacna1c and Cacna1d in Min6 cells upon 48h 

loperamide and FoxOi treatment, as measured by RNAseq. E. Fura-2 staining in Min6 cells 

pre-treated with loperamide for 18h. F. Quantification of Fluo-4 staining at the single cell level 

in Min6 cells treated with loperamide for 2h. G. Western blot highlighting increase in p-CamKII 

relative to total CamKII protein levels in Min6 cells when treated with loperamide for the stated 

hours. H. Total mature insulin protein levels in Min6 cells treated with loperamide and 1µM 

KN-93 for 24h.  
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A. Volcano plot of gene expression changes upon 48h loperamide treatment, as measured by 

RNAseq. B. Overview of top enrichment terms for genes both significantly altered by 
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loperamide relative to control and significantly rescued when co-treated with FoxOi relative to 

FoxOi. Volcano plot highlights top KEGG term (protein processing in ER) in blue and 

GO:0046967 in red. C. Western blot showing increase in SERCA2 protein upon loperamide 

treatment in Min6 cells. D. Total intracellular insulin and proinsulin protein levels in Min6 cells 

treated with loperamide and 100nM thapsigargin for 24h, as quantified by ELISA. E. Ratio of 

mature insulin to proinsulin protein. F. Western blot of proinsulin and insulin protein levels 

following 48h treatment of Min6 cells with loperamide +/- 200µg/mL cycloheximide (CHX) or 

10µM prohormone convertase inhibitor (PCi) for the final 24h. G. Representative electron 

microscopy images of Min6 cells treated with FoxOi or loperamide. L = Loperamide; F+L = 

FoxOi + Loperamide. Green arrows pointing to immature secretory granules. Red arrows 

highlighting (autophago-)lysosomes. Blue arrows indicate mature insulin secretory granules. 

Scale bar = 1µm. H. Quantification of insulin granule density in electron microscopy images. 

Total number of granules per µm2 (right) and number of mature (>160µm in diameter) granules 

per µm2. N = 5 cells per treatment condition. I. Histogram of insulin granule size distribution 

upon FoxOi/loperamide treatment. DMSO = black; FoxOi = red; FoxOi + Loperamide = 

red/gray stripes. N = 5 cells per treatment condition. J. Levels of LC3B in Min6 cells treated 

with FoxOi and loperamide for 48h. K. Levels of LC3B in Min6 cells treated with loperamide 

for 48h +/- 200nM Bafilomycin A1 for the final 2h.   
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A. Overview of C. elegans development in favorable or unfavorable environmental conditions. 

B. Effects of FoxOi and loperamide treatment on the FOXO-dependent developmental 

process of Dauer formation in C. elegans. Eggs of CB1370 animals were hedged and grown 
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at 23°C (left panel) or 22°C (right panel) in the presence of FoxOi or loperamide at the 

indicated concentrations. In the absence of compounds (0 µM), the fraction of animals forming 

Dauers was 20.2% (left panel) and 3.2% (right panel). Compound-induced fold changes of 

this fraction are shown. N=3; 100 animals per condition and replicate. C. Representative 

images of developmental defects in zebrafish larvae following 48h FoxOi treatment, and 

rescue with loperamide. D. Quantification of insulin or glucagon positive cells following 

loperamide treatment in zebrafish larvae. Ncontrol=12; Nloperamide=21. E. Representative images 

of pancreatic human islets stained for insulin and glucagon. Scale bars = 10 µm. On the right: 

summary of the population distribution change in the human islets. F. Measurement of INS 

and GCG transcription in human islets treated with loperamide by RT-qPCR. All the data 

points are normalized to DMSO control, n=4. G. Transcription of GCG, INS and PDX1 in 

pancreatic islets from human diabetic donors treated for 48h with Loperamide, as measured 

by RT-qPCR, n=2. H. Glucose stimulated insulin secretion assay on diabetic human islets pre-

treated with loperamide for 48h, n=2. Basal = 0.3g/L glucose; Stimulated = 3g/L glucose. I. 
Relative insulin and Pdx1 mRNA levels in islets from db/db mice pre-treated with loperamide 

for 48h.  
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A. Serum glucose concentrations after overnight fast (0 min) and 20 minutes after IP injection 

with 1g/kg glucose (20 min). N=5 mice/treatment. B. Body weight measured after 4-week 

treatment. C. Serum insulin concentration measured by ELISA. D. Serum glucagon 

concentration measured by ELISA. E. Representative immunofluorescence panel of pancreas 

sections stained with insulin and glucagon antibodies. White arrows point to insulin/glucagon 

double positive cells. Scale bar = 100µm. F-J. Quantifications of immunofluorescence images. 

N=45 islets/treatment from 5 different mice/treatment. F. Percent of total islet pixel number 
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representing colocalized red/green channel pixels. G-H. Thresholded Manders correlation 

coefficients for the insulin (red) channel or glucagon (green) channel per islet. I-J. Percent of 

total islet volume occupied by the insulin (red) channel or glucagon (green) channel pixels. K. 
Representative immunofluorescence panel of db/db mouse pancreas sections 4-weeks post 

loperamide treatment, stained for insulin and Aldh1a3. Scale bar = 20µm. L. Quantification of 

immunofluorescence images. Cytoplasmic Aldh1a3 intensity was only calculated within 

insulin-positive cells. POC = percent of control. N=38 islets/treatment from 5 different 

mice/treatment. 
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A. Relative mRNA levels of glucagon and insulin following 48h incubation with increasing 

doses of FoxOi, as measured by RT-qPCR. B. Western blot highlighting the increase in 

glucagon protein levels after 48h incubation with increasing concentrations of FoxOi. C. 
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Intracellular insulin protein concentrations in Min6 cells following 48h FoxOi treatment, at 

different concentrations, as measured by ELISA. D. Measurement of glucagon 

immunofluorescence intensity in single Min6 cells treated with increasing concentrations of 

FoxOi for 48h. E. Representative images of Min6 cells stained for insulin and glucagon after 

48h FoxOi treatment followed by 48h washing off of the compound. Scale bars = 10 µm. F. 
Western blot showing the overexpression of FoxO1. G. Glucagon-positive cell fractions in 

Min6 cells treated with FoxO inhibitor, with and without overexpression of FoxO1 constitutively 

active construct, as measured by immunofluorescence. H. Quantification of SFig. 1G. L = low 

levels of FoxO1-ADA; H = high levels of FoxO1-ADA I. GSEA showing general co-upregulation 

of similar genes in both FoxOi treated Min6 cells and the FoxO triple knockout mouse[10]. 
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A. List of top candidate compounds from immunofluorescence screen with their respective 

fold changes for insulin and glucagon expression, and for the number of DAPI-positive nuclei, 

as measured via immunofluorescence intensity. B. Loperamide dose response suppression 

of glucagon transcription in Min6 cells treated with FoxO inhibitor. C. Glucagon mRNA levels 

in Min6 cells following loperamide time course, as measured by RT-qPCR. D. Ppar-gamma 

and Aldh1a3 transcription in Min6 cells treated with FoxOi/loperamide for 48h, measured by 

RNAseq. E. Gene ontology enrichment terms for RNAseq dataset of genes significantly 

downregulated by FoxOi and significantly rescued by loperamide after 48h treatment in Min6 

cells.  

  

A. Insulin mRNA levels in Min6 cells following loperamide time course, as measured by RT-

qPCR. B. Western blot highlighting the increase in insulin and decrease in glucagon protein 

levels after 48h incubation with loperamide and the rescue of glucagon and insulin protein 
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upon combination treatment with FoxOi and loperamide. C-D. Intracellular insulin and 

proinsulin protein levels in Min6 cells following loperamide time course, as measured by 

ELISA. E. Simultaneous decrease in glucagon and increase in insulin protein levels with 

increasing loperamide treatement time in Min6 cells. F. Insulin secretion from Min6 cells in low 

(0.3 g/L) and high (3 g/L) glucose medium pretreated with FoxOi and loperamide for 48h. 

  

A. Representative images of Min6 cells stained for insulin and glucagon. Herkinorin was used 

at 15 µM for two days. Scale bars 10 µm. B. Representative images of Min6 cells stained for 

Pdx1 and glucagon. Naltrexone was used at 20 µM for two days. Scale bars 10 µm. C. 
Intracellular insulin protein levels in Min6 cells following 48h loperamide and naltrexone 

treatment, as measured by ELISA. D. Oprm1 gene expression in Min6 cells, as measured by 

RNAseq. 
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A. FoxO1 transcription in Min6 cells following 48h FoxOi/loperamide treatment, measured via 

RNAseq. B. FoxO1 transcription at different concentrations of loperamide in Min6 cells, 

measured via RT-qPCR. C. Western blot of FoxO1 protein expression in the cytoplasm vs. 

nucleus of Min6 cells following treatment with loperamide for the indicated hours. D. Western 

blot of FoxO1 protein expression in the cytoplasm vs. nucleus of Min6 cells following 48h 

loperamide and FoxOi treatments. E. GSEA showing general enrichment of FoxO1 genomic 
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binding sites [16] in loperamide-upregulated genes. FWER p-value = 0.001. F. mRNA levels 

of Cacnb1 and Cacna2d1 in Min6 cells upon 48h loperamide and FoxOi treatment, as 

measured by RNAseq. G. RT-qPCR time course of Cacna1c and Cacna1d expressions upon 

loperamide treatment. H. GSEA results for genes involved in calcium channel activity in DMSO 

vs. FoxOi-treated Min6 cells. I. Western blot of p-CamKII increase after 48h loperamide 

treatment in Min6 cells. 

  

A. Immunofluorescence panel of Min6 cells treated with loperamide and 1µM KN-93 for 48h. 

Scale bar = 10µm. B-C. Quantification of immunofluorescence signal intensities of: (B) insulin 

at plasma membrane and (C) FoxO1 in the nucleus. Plasma membrane and nucleus defined 

using Harmony 4 (PerkinElmer) software. D. Western blot of fractionated Min6 cells pretreated 

with loperamide and 1µM KN-93 for 24h, highlighting KN-93’s prevention of loperamide-

induced FoxO1 nuclear translocation.  
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A. FoxO inhibitor treatment upregulates the transcription of lysosomal hydrogen ion 

transporters in Min6 cells, as measured by RNA-seq. B-C Intracellular pH indicator shows 

increased intracellular acidification after two days of FoxO inhibitor treatment in Min6 cells. B. 

Representative images of pHrodo live imaging in Min6 cells. Scale bars = 10 µm. C. 

Quantification of pHrodo live staining signal intensity in Min6 cells pretreated with 

loperamide/FoxOi for 48h. D. Representative images of lysotracker staining in Min6 cells. 

Scale bars = 10µm.  
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A. Chloroquine inhibits FoxOi-induced glucagon transcription in Min6 cells, as measured by 

RT-qPCR. B. Chloroquine dose response on glucagon transcription in Min6 cells treated with 

FoxO inhibitor (i.e. dedifferentiated Min6 cells). C. Quantification of pHrodo live staining signal 

intensity in Min6 cells pretreated with chloroquine/FoxOi for 48h.  
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A-C. Top: RNAseq expression levels after 48h treatment; Bottom: RT-qPCR time course of 

mRNA levels for A. P4hb. B. Atp2a2. C. Atp2a3. D. Quantification of SERCA2 



RESULTS 

 68 

immunofluorescence intensity in Min6 cells treated with loperamide and FoxOi for 48h. E. 
Representative immunofluorescence images of Min6 cells treated with loperamide and 

thapsigargin for 2 hours. Scale bar = 10µm. F. Quantification of proinsulin and SERCA2 

immunofluorescence intensity in Min6 cells treated with loperamide and thapsigargin for 2 

hours. G-H. Protein levels of mature insulin or proinsulin in Min6 cells after 24h treatment with 

varying concentrations of thapsigargin +/- loperamide, as measured by ELISA. I. Ratio of 

insulin to proinsulin protein levels. 
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A-B. Intracellular insulin and proinsulin protein levels after 30h loperamide treatment +/- 10µM 

Golgicide A for the final 6h, as measured by ELISA. C. Ratio of insulin to proinsulin protein 

levels. D. Western blot for glucagon and insulin protein levels in Min6 cells after 48h 

FoxOi/loperamide/PCi treatment. E. Quantification of insulin and proinsulin 

immunofluorescence intensities at the cell plasma membrane after 48h loperamide and FoxOi 

treatment. Plasma membrane defined using Harmony 4 (PerkinElmer) software. F. 
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Quantification of insulin granule size distribution from electron microscopy images. N = 5 cells 

per treatment condition. G. Gene ontology enrichment terms for RNAseq dataset of genes 

significantly upregulated by loperamide after 48h treatment in Min6 cells. H. Significantly 

upregulated genes involved in autophagosome maturation following 48 loperamide treatment 

in Min6 cells. 

 

Additional representative electron microscopy images of Min6 cells at two different 

magnifications. Scale bar = 1µM. 
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A-D. Effects of loperamide treatment on FoxO1 and glucagon levels in alpha cells. A. Western 

blot showing an increase of FoxO1 protein with loperamide treatment in alpha and HEK cells. 
B. FoxO1 transcription at different concentrations of loperamide in alpha cells, measured via 

RT-qPCR. C. Western blot showing decrease of glucagon protein with different concentrations 

of loperamide in alpha cells. D. Suppression of glucagon transcription by increasing doses of 
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loperamide in alpha cells. E-G. Effects of chloroquine treatment on glucagon in alpha cells. E. 
Western blot showing changes to glucagon protein expression in alpha cells following 24h 

chloroquine treatment. F. Chloroquine suppresses glucagon transcription in alpha cells in a 

dose dependent manner. G. Glucagon secretion from alpha cells in low glucose medium 

pretreated with chloroquine (5µM) for 24h, concentration measured by ELISA. H. Western blot 

of glucagon gene protein products in alpha cells treated with different doses of bafilomycin (V-

ATPase inhibitor) overnight. I. Increase in Atp2a2 and Atp2a3 mRNA levels in alpha cells after 

24h loperamide treatment. J. Western blot highlighting increase in SERCA2 protein in alpha 

cells after 24h loperamide treatment. 

 
A. Representative images of insulin positive cells in zebrafish larvae. B. Quantification of 

insulin or glucagon positive cells following different doses of loperamide treatment in zebrafish 
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larvae. N=8-10. C. Intracellular insulin protein in diabetic human islets pre-treated with 

loperamide for 48h, as measured by ELISA. D. RT-qPCR mRNA levels of CACNA1C, 

CACNA1D, FOXO1, ATP2A2 and ATP2A3 in diabetic human islets pre-treated with 

loperamide for 48h. E. GSEA results show a downregulation of alpha cell specific genes in 

loperamide-treated diabetic human islets vs. DMSO. F. Intracellular insulin protein in db/db 

murine islets pre-treated with loperamide for 48h. G. Concentration of secreted insulin from 

db/db murine islets following 48h loperamide pre-treatment.   

 
A-C. Results of 4-week loperamide treatment in wild-type non-diabetic mice. N=4 

mice/treatment. A. Serum glucose concentrations after overnight fast. B. Body weight. C. 
Serum insulin concentration measured by ELISA. D. Representative immunofluorescence 

panel of db/db mouse pancreas sections 4-weeks post loperamide treatment, stained for 

insulin and FoxO1. Scale bar = 20µm. E. Quantification of immunofluorescence images. 

FoxO1 intensity was only calculated within insulin-positive cells. POC = percent of control. 

NDMSO = 32 islets and NLoperamide = 26 islets from 5 different mice each. 
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2.2 SMNDC1 links chromatin remodeling and splicing to regulate 
pancreatic hormone expression 

 

Pancreatic alpha and beta cells share strong cellular plasticity and key transcription factor 

expressions due to their common Ngn3-expressing developmental progenitor. However, 

insulin transcription is restricted to beta cells, as well as the expressions of the insulin 

promoter-binding transcription factors: Pdx1 and MafA. Multiple studies have now shown that 

forced overexpression of Ngn3, Pdx1 and MafA is sufficient to induce insulin transcription in 

secondary endocrine organs. In order to elucidate the epigenetic factors repressing insulin, 

Pdx1 and MafA expression in alpha cells, we performed an RNA interference screen targeting 

over 300 proteins with chromatin binding domains. We identified the splicing factor, Survival 

Motor Neuron Domain Containing 1 (Smndc1), to potently repress insulin mRNA levels in 

alpha cells. Upon Smndc1 knockdown, we observed a strong and sustained upregulation of 

insulin, Pdx1 and MafA mRNA levels. Characterization of Smndc1 revealed it directly binds 

and splices chromatin remodeler Atrx’s mRNA, thus maintaining its protein levels. Loss of 

either Smndc1 or Atrx triggers a robust stabilization of Pdx1 mRNA, with subsequent induction 

of insulin transcription. Importantly, loss of SMNDC1 in pancreatic human islets results in a 

functional amelioration of glucose responsiveness and increased insulin secretion.  
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Abstract 
 

Insulin expression is restricted to the pancreatic beta cells, which are physically or functionally 

depleted in diabetes. Identifying targetable pathways repressing insulin in non-beta cells, 

particularly in the developmentally related glucagon-secreting alpha cells, is an important aim 

of regenerative medicine. Here, we performed an RNA interference screen in the murine alpha 

cell line, alphaTC1, to identify silencers of insulin expression. We discovered that knockdown 

of the splicing factor Smndc1 (Survival Motor Neuron Domain Containing 1) triggered a global 

repression of alpha cell gene-expression programs in favor of increased beta cell markers. 

Mechanistically, Smndc1 knockdown upregulated the key beta cell transcription factor Pdx1, 

by modulating the activities of the BAF and Atrx families of chromatin remodeling complexes. 

SMNDC1’s repressive role was conserved in human pancreatic islets, its loss triggering 

enhanced insulin secretion and PDX1 expression. Our study identifies Smndc1 as a key factor 

connecting splicing and chromatin remodeling to the control of insulin expression in human 

and mouse islet cells. 
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Introduction 
 

Pancreatic islet alpha and beta cells tightly maintain glucose homeostasis via the controlled 

release of their respective hormones, glucagon and insulin. Loss of beta cells causes the 

deregulation of this tight hormone balance, resulting in hyperglycemia and diabetes (Campbell 

and Newgard, 2021). Replenishment of functional beta cell mass or generation of alternative 

insulin sources therefore constitutes an important therapeutic goal. Due to their physical and 

developmental proximity, alpha cells represent a promising target for reprogramming 

(Collombat et al., 2003; Gradwohl et al., 2000; Gromada et al., 2018). Bivalent epigenetic 

marks on genomic loci of important beta cell transcription factors PDX1 and MAFA in alpha 

cells suggest they are primed for cellular conversion (Bramswig et al., 2013). This inherent 

plasticity can be exploited for transdifferentiation to beta cells with loss or gain of one 

transcription factor, Arx, Pax4 or Pdx1 (Chakravarthy et al., 2017; Collombat et al., 2009; 

Courtney et al., 2013; Furuyama et al., 2019; Yang et al., 2011). Pdx1 is arguably the most 

defining beta cell transcription factor. Its expression instigates islet development and is 

required for the initial generation of beta cell mass (Jonsson et al., 1994; Servitja and Ferrer, 

2004; Stoffers et al., 1997). It then maintains mature beta cell identity by repressively binding 

to the loci of alpha cell specific genes (Gao et al., 2014). Along with MafA, Pdx1 is also 

responsible for driving insulin transcription through direct binding to the insulin promoter 

(Docherty et al., 2005; Matsuoka et al., 2003; Ohlsson et al., 1993). The critical roles of PDX1 

and MAFA in insulin regulation are further highlighted in their sufficient capacity to initiate 

insulin expression in human alpha and PPY cells (Furuyama et al., 2019), and in even more 

distant non-islet cell types when in combination with the endocrine progenitor marker NGN3 

(Ariyachet et al., 2016; Banga et al., 2012; Chen et al., 2014; Hickey et al., 2013; Luo et al., 

2014; Yamada et al., 2015; Zhou et al., 2008).  

 

While transcription factors are the drivers of cell identity changes, they are not easily 

therapeutically targetable, in contrast to the chromatin pathways that control their expression. 

Several chromatin factors have been identified to play key roles in maintaining pancreatic islet 

cell identity, including DNA methylation (Chakravarthy et al., 2017; Dhawan et al., 2011) and 

the BAF chromatin remodeling complex (McKenna et al., 2015; Spaeth et al., 2019). To 

systematically identify chromatin proteins repressing insulin transcription, we performed an 

RNA interference screen in murine alpha cells. We identified Survival Motor Neuron Domain 

Containing 1 (Smndc1) knockdown to induce a strong upregulation of insulin expression. 

Smndc1, also known as SPF30 and SMNrp, is an arginine-methylation binding Tudor domain 

protein involved in the assembly of the mature spliceosome complex (Meister et al., 2001; 
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Rappsilber et al., 2001). Our results uncover a regulatory circuit of Smndc1 controlling key 

transcription factors via modulation of chromatin regulation, gene expression and splicing, 

both in murine alpha cells and in primary human islets. 

 

Results 
 
RNAi screen identifies Smndc1 as repressor of insulin expression in alpha cells 
With the overarching aim of identifying silencers of insulin expression, we designed an RNAi 

library with an epigenetic focus, specifically targeting genes with chromatin-binding domains. 

The final library targeted 358 genes, with an average of 5 short hairpins per gene. We treated 

the murine alpha cell line, aTC1, with this final library for 7 days, after which we quantified 

insulin mRNA levels using Nanostring technology. Strong knockdown of Smndc1 induced a 

reproducible 3-4-fold increase in insulin mRNA counts (Figure 1A). To gain a more global 

understanding of gene expression changes upon Smndc1 knockdown, we performed RNAseq 

and validated our initial observations of increased insulin mRNA (Figure 1B). Globally, 

Smndc1 knockdown caused upregulation of beta cell genes and downregulation of alpha cell 

genes in gene set enrichment analysis for genes differentially expressed between aTC1 and 

murine beta cell lines Min6 or bTC3 cells (Figures 1C and S1A). This shift towards a more 

beta cell character was also evident from the upregulation of the key beta cell transcription 

factors Pdx1 and MafA. Prolonged knockdown revealed a sustained increase in insulin, Pdx1 

and MafA mRNAs, with an insulin peak at day 5 post-transduction (Figure 1D). At the protein 

level, intracellular insulin expression was increased from negligible to a concentration of 0.9 

ng/mL (Figure 1E). While robustly detectable, this concentration is significantly lower 

compared to insulin levels in the Min6 beta cell line (Figure S1B). We further analyzed global 

proteome changes in aTC1 following Smndc1 knockdown and observed a good correlation to 

transcription changes (Figure S1C). When analyzing at the single cell level, we observe that 

insulin induction is not homogenous, and rather restricted to approximately 15% of the cell 

population (Figures 1F and S1D). Also Smndc1 levels appeared heterogenous post-

knockdown (Figure 1F), suggesting that a specifically robust threshold of Smndc1 depletion is 

needed to achieve insulin expression. The need for particularly strong Smndc1 knockdown 

equally explains the lack of insulin induction with hairpins 96-98 that result in inefficient 

Smndc1 knock-down in the original screen (Figure 1A). In line with this observation, complete 

knock out of Smndc1 using CRISPR-Cas9 technology yielded insulin induction comparable to 

the best shRNAs, thereby also substantiating their on-target activity (Figure S1E). However, 

due to Smndc1’s pan-essentiality (Blomen et al., 2015; Dempster et al., 2019), cell viability 

was severely compromised following one week of full knockout, making clonal selection 



RESULTS 

 85 

impossible, and restricting subsequent experiments to acute shRNA-mediated knockdowns. 

In summary, these results suggest that strong downregulation of Smndc1 in murine alpha cells 

results in stimulation of insulin expression at both the mRNA and protein levels. 

 

SMNDC1 knockdown in human pancreatic islets increases beta-cell markers and insulin 
secretion 
We next sought to verify whether the effects of Smndc1 knockdown were conserved in human 

islets. Based on initial testing in HEK293T cells, we identified two promising human SMNDC1-

targeting shRNAs (#1 and #3) (Figures S2A and S2B). Lentiviral transduction of intact human 

islets can be challenging, however, with low levels of viral particles successfully penetrating 

the inner core of cells (Barbu et al., 2006). Dissociation of the islets into a single cell monolayer 

can improve efficiency (Walpita et al., 2012), but maintenance of the 3D architecture and cell-

cell contacts is preferable for proper functional studies on insulin secretion. We therefore 

utilized an eGFP-containing shRNA plasmid to facilitate visualization of transduction 

efficiency. We also included a 3 minute trypsinization step prior to transduction in order to 

increase accessibility to the core, while keeping the islet structure intact (Jimenez-Moreno et 

al., 2015). Impressively, we were able to successfully transduce ~60% of cells in this manner, 

both alpha and beta cells (Figures 2A, 2B and S2C). RT-qPCR analysis on the bulk cells 

showed successful knockdown of SMNDC1 (Figure 2C). What’s more, glucose-stimulated 

insulin secretion (GSIS) assays revealed that SMNDC1 knockdown not only increased insulin 

mRNA levels (Figure 2C), but also islet glucose responsiveness, resulting in increased insulin 

secretion in high glucose conditions (Figure 2D). Glucagon secretion, on the other hand, was 

largely unaffected (Figure S2D). We repeated these experiments with islets from 3 additional 

donors, employing both shRNA #1 and #3 (or only #1 in the case of Donor 5). The results we 

observed were consistent with the initial experiments, including an increase in insulin protein 

levels upon SMNDC1 knockdown (Figures 2E, 2F, 2G and S2E). We then sorted the 

successfully transduced GFP positive fractions and conducted transcriptome analyses by 

RNA-seq. Globally, we observed an increase in almost all the important beta cell genes, with 

a particularly strong upregulation of MAFA (Figures 2H and S2F). Most importantly, we could 

also detect a robust increase in PDX1 mRNA levels (Figures 2H and S2F). Also insulin mRNA 

was consistently upregulated except in islets from donor 3 that exhibited exceptionally high 

basal insulin levels (Figure S2G). ABCC8 and KCNJ11, two voltage-gated channels at the cell 

surface with central roles in insulin secretion, were also upregulated upon SMNDC1 

knockdown, correlating with the increases in GSIS (Figure 2H). These data reveal that the 

SMNDC1 knockdown-induced shift towards a more beta cell character is conserved in human 

islets, with important increases in PDX1 and MAFA mRNA levels (Figure 2H). This further 
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caused a positive effect on islet function, characterized by increased glucose responsiveness 

and insulin secretion (Figures 2D, 2E, 2G and S2E). 

 

Smndc1 interacts with proteins involved in splicing and chromatin remodeling 
In order to understand Smndc1’s function and protein interactions in pancreatic islet cells, we 

performed immunoprecipitation coupled to mass spectrometry (IP-MS) in both alpha and beta 

cell lines (Figures 3A, S3A and S3B). In line with its published role as a spliceosome 

constituent (Talbot et al., 1998), a third of Smndc1’s interactome consisted of proteins involved 

in RNA splicing (Figures 3B, 3C and SFig 3C). Proteins associated with mRNA processing, 

transport, stabilization and translation also constituted a large part, with 60% of Smndc1’s 

interactors classified as RNA binding proteins (Figures 3B, 3C, S3D and S3E). Less 

expectedly, a strong enrichment for subunits of the BAF chromatin remodeling complex was 

also noted (Figures 3B, 3C, S3F and S3G). Particularly the core complex members were 

strongly enriched in both alpha and beta cells, including the catalytic ATPase Smarca4/Brg1 

and the complex unifying scaffolds Smarcc1/BAF155 and Smarcc2/BAF170, along with the 

important DNA binding subunit Smarce1/BAF57 (Alfert et al., 2019; Wang et al., 1998). In 

contrast, the enrichment of the Arid subunits appears cell-type specific with Arid1a being 

enriched in beta cells and Arid1b specifically pulled-down in alpha cells. To assess which of 

these interactions were direct and which were mediated by co-purifying RNAs, we treated the 

alpha cell lysate with RNAse A and repeated the IP-MS experiment. We found that RNA 

hydrolysis depleted over half of the Smndc1 interactors (Figure 3D). Strikingly, almost all the 

protein interactors involved in RNA splicing, translation, stability and localization dropped out, 

suggesting an mRNA-mediated interaction with Smndc1 (Figures 3E, S3C, S3D and S3E). 

Remarkably though, BAF complex interaction was unaffected, hinting at a more direct 

interaction with Smndc1 (Figures 3E and S3F). The BAF complex, specifically the ATPase 

subunit Smarca2, has previously been associated with splicing factor binding and regulation 

of alternative splicing (Allemand et al., 2016; Batsché et al., 2006; Patrick et al., 2015), but no 

direct protein interactor bridging the two pathways has been described. The resilient non-RNA 

mediated interaction between Smndc1, Smarca4, Smarcc1, Smarcc2 and Smarce1 could be 

that link. 

 

Smarca4 itself has already been linked to the regulation of insulin expression in beta cells. 

The BAF complex, specifically the Smarca4 subunit, has been found indispensable in the 

recruitment of Pdx1 to enhancer and promoter regions of critical beta cell genes such as Ins2, 

MafA and Slc2a2 (McKenna et al., 2015; Spaeth et al., 2019). In order to understand whether 

this function was conserved in alpha cells and how it related to Smndc1, we concomitantly 

knocked down Smndc1 and Smarca4. Strikingly, loss of Smarca4 significantly lowered the 
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increase in insulin expression observed upon Smndc1 knockdown (Figure S4A). Smarca4 has 

also been found to be bound to the Pdx1 promoter in beta cells (McKenna et al., 2015). 

Smarca4 ChIP-qPCR experiments in the alpha cell line revealed that Smndc1 knockdown 

significantly enhanced the presence of Smarca4 at the Pdx1 promoter (Figure S4B). This 

recruitment appears specific, as no changes were observed at the MafA promoter (Figure 

S4B). Pdx1 is known to further bind to its own promoter and enhancer regions, regulating a 

positive feedback loop (Wang et al., 2018b), which could explain the increases in Pdx1 mRNA 

we observe upon Smndc1 knockdown (Figure 1D). 

 

Smndc1 loss did not greatly affect the protein levels of its interactors, with the exception of 

two proteins: G3bp2 and Atrx, both found to be significantly decreased (Figure 3F). G3bp2 is 

chiefly cytoplasmic, whereas Atrx has a nuclear localization more in line with the majority of 

Smndc1’s interactors. Similar to Smarca4, Atrx is a chromatin remodeler with a DNA-

dependent ATPase domain of the SWI/SNF-like superfamily of proteins. Moreover, Atrx’s 

interaction with Smndc1 is unaffected by RNAse treatment (Figure S3E). This suggests the 

two proteins are part of a common complex and might regulate similar genes. Due to Atrx’s 

principal presence at sites of heterochromatin and its apparently repressive roles at 

transcription start sites (Bérubé et al., 2000; Sadic et al., 2015), it could be hypothesized that 

this regulation involves chromatin silencing of important beta cell genes upstream of insulin. 

Overall, the proteomics experiments confirmed Smndc1’s interactions with the splicing 

machinery, uncovered a novel interaction with the BAF complex, which seems important in 

Smndc1’s repression of Pdx1 and insulin, as well as an interesting link to gene silencing via 

Atrx. 

 

Smndc1 regulates Atrx protein levels via alternative splicing 
Due to Smndc1’s substantial interaction with splicing factors and RNA binding proteins, we 

reanalyzed our RNAseq datasets for the emergence of alternatively spliced transcripts. We 

set a threshold for the change in isoform levels (change in percentage spliced in or dPSI) of 

at least 15% to qualify for significantly occurring differentially spliced events (DiffAS). 

Strikingly, Smndc1 knockdown appeared to stimulate a general retention of introns and 

skipping of alternatively spliced cassette exons (Figures 4A and 4B). In total, Smndc1 

knockdown caused skipping of 805 exons and retention of 392 introns, whereas only 72 exons 

were more included and 36 introns were more efficiently spliced upon knockdown. We further 

validated these findings for 20 transcripts by RT-PCR (Figure S5A). Recent observations 

correlating increases in Smndc1 gene expression with reduced intron retention (Thomas et 

al., 2020) corroborate our results and together confirm Smndc1’s global role in splicing 

regulation. Stratifying the differential splicing events into their predicted impacts on genes’ 
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ORFs uncovered an expected discrepancy between exons and introns. Intron retention 

resulted in widespread disruption (DISR) rather than preservation (PROT) of coding 

sequences, whereas the opposite was true for exon skipping, with a minority of events 

mapping to non-coding RNAs, 3’ and 5’ UTRs (Figure 4C). As an example, the Smndc1 

knockdown-induced skipping of Pax6’s exon 5a represents a change predicted to not cause 

a frameshift or nonsense mediated decay (NMD) (Figures 4B and S5B). This is confirmed by 

our RNAseq and whole cell proteomics datasets, in which no significant changes to Pax6 

levels are observed post-Smndc1 knockdown (Figure S5C). Interestingly, it was recently 

discovered that this Pax6-5a isoform is significantly enriched in alpha cells and required for 

Pax6 binding and transcriptional activation of alpha cell targets genes, such as glucagon and 

MafB (Singer et al., 2019). What’s more, inclusion of exon 5a appears to rely on the long non-

coding RNA (lncRNA) Paupar, whose levels are significantly decreased upon Smndc1 loss 

(Figure S5C). Thus, the global depletion in alpha cell genes we observe upon Smndc1 

knockdown (Figures 1C and S1A) could be a consequence of decreased Pax6 exon 5a 

inclusion and Pax6 binding. However, the observed increases in glucagon and insulin protein 

(Figures 1E and S1C), not noted in strictly Paupar-deficient cells (Singer et al., 2019), suggest 

there is more to the phenotype. As a second example, two retained introns appearing in Atrx’s 

transcripts are predicted to trigger NMD upon intron inclusion (Figures 4B, 4D and S5D), 

based on the presence of premature stop codons at least 50 nucleotides upstream of the 

exon–exon junction within the retained intron (Nagy and Maquat, 1998). We observe these 

retained introns in 15% of sequenced Atrx transcripts, which likely underestimates intron 

retention, given the frequent nuclear and NMD-mediated cytoplasmic degradation of 

transcripts that retain introns, which is also consistent with the overall reduced Atrx expression 

we observe at both the protein and transcript levels (Figures S1C, 4E, S5E and S5F). Both of 

Atrx’s retained introns are located prior or within its SNF2 domain and would potentially 

generate truncated protein isoforms lacking ATPase activity and consequent chromatin 

remodeling ability, even without considering the decrease in mRNA and protein levels 

predicted to be triggered by NMD (Figures 4D, S5D and S5G). These splicing changes 

coupled with the significant decrease in both Atrx’s total mRNA and protein levels, effectively 

support a role for Smndc1 in the regulation of Atrx activity. Globally, the events with disruptive 

effect on ORFs were enriched in genes involved in RNA processing and chromatin 

modifications (Figure S5H), which are likely to have consequential effects on gene expression. 

This is in contrast to the events with preserved ORFs, which are mostly enriched for 

cytoskeletal transport genes (Figure S5I). 

 

In human samples, splicing changes induced by SMNDC1 knock down correlated remarkably 

well in islets from donors 3 and 4 (Figures S6A and S6B). In order to distinguish between low 
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and high confidence events, we focused solely on the ones with a dPSI of at least 10 induced 

by both of the SMNDC1 shRNAs in the same direction (retention or skipping) (dPSI>|10| and 

shRNA = 2). In islets from donor 5 we observed very few significant splicing changes, therefore 

we did not further analyze these data. The correlation between the two hairpins in both donors 

was very strong, suggesting robust on-target effects (Figures 4F and S6C). In total, 471 exons 

were skipped and 865 introns were spliced out, whereas 825 exons were included and 349 

introns were retained between the two donors (Figures 4G and S6D). Intronic splicing changes 

once again correlated with increased ORF disruption. The global landscape of intron retention 

and exon skipping observed in murine cells (Figure 4A), however, appeared reversed in 

human islets, favoring instead intron splicing and exon inclusion (Figure 4H). This is perfectly 

exemplified by the three highly correlative spliced ATRX introns and two included PAX6 exons 

in Donor 4 post-SMNDC1 knockdown (HsaINT0015708, HsaINT0015709, HsaINT0015713, 

HsaEX6001410 and HsaEX6001411) (Figures 4F and S6E). Overall, the 1702 SMNDC1 

differentially spliced genes had a similar enrichment profile to the murine genes (Figure S6F). 

The affected genes were mostly involved in chromatin organization and RNA binding, 

processing and localization. Importantly, we could observe a significant decrease in ATRX 

protein levels upon SMNDC1 knockdown in a 6th donor (Figure S7A). Combined with the 

appearance of ATRX splice isoforms in SMNDC1 deficient human islets (Figure 4F), this 

confirms that ATRX targeting by SMNDC1 is conserved. 

 

Loss of Smndc1 and Atrx both trigger a global increase in chromatin accessibility and beta cell 
genes 
Smndc1 knockdown caused differential splicing of a large number of additional splicing factors 

(e.g. Srsf1, Srsf4 and Rbm5), most likely propagating its downstream splicing effects. This 

observation is consistent with previously published cross-regulatory splicing networks that 

uncovered complex relationships between RNA-binding proteins and exons or introns that 

they co-regulate (Brooks et al., 2015; Lareau and Brenner, 2015; Papasaikas et al., 2015; 

Rösel-Hillgärtner et al., 2013; Saha et al., 2017; Saltzman et al., 2011). To isolate the RNAs 

specifically bound and affected by Smndc1, we performed native RNA immunoprecipitation 

assays followed by RNA-seq in the alpha cell line (Figure 5A). An enrichment in the RNAs of 

genes involved in chromatin organization and silencing was immediately noticeable (Figures 

5A and 5B), further substantiating Smndc1’s role in regulating gene expression. Particularly 

noticeable was the strong interaction with Atrx and Smarca4 mRNAs, as well as Atrx’s 

published interactor macroH2A1 (Ratnakumar et al., 2012). Globally comparing all the genes 

whose RNAs are significantly bound by Smndc1, and upon Smndc1 loss alternatively spliced 

and decreased on both total mRNA and final protein levels, yielded only 5 genes (Figure S8A). 

Out of this list, one single gene was also physically bound by Smndc1 in IP-MS: Atrx. To 
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discern whether this direct physical proximity with Smndc1 also phenotypically connects Atrx 

to insulin repression, we knocked down Atrx in the alpha cell line (Figures 5C, S5D and S8B). 

Importantly, loss of Atrx on its own was sufficient to induce a significant increase in insulin, 

Pdx1 and MafA mRNA levels, supporting a contributing role in Smndc1’s phenotype (Figure 

5C). 

 

To further probe this relationship between Atrx and Smndc1, we performed ATAC-seq on 

aTC1 cells transduced with Smndc1 and Atrx shRNAs. Strikingly, loss of either Atrx or Smndc1 

triggered a global increase in chromatin accessibility (Figures 5D, 5E and S9A), in line with 

Atrx’s published links to heterochromatin maintenance (Bérubé et al., 2000; Dyer et al., 2017; 

Sadic et al., 2015). What’s more, approximately 50% of the upregulated peaks were shared 

between the two knockdowns (Figure 5E), supporting the hypothesis that the two proteins are 

part of a common complex and regulate similar genes. This notion is further strengthened by 

the lack of discordant peaks between the two knockdowns (Figure S9B), and the maintained 

correlation when accessibility was compared at the gene-level (Figures 5F and S9C). A large 

proportion of the upregulated peaks are located at or 10kb prior to genes’ transcriptional start 

sites (TSS) (Figures S9C and S9D), suggesting both knockdowns would influence gene 

transcription. In effect, when analyzing the 869 genes whose accessibility was increased upon 

both Smndc1 and Atrx knockdowns, we observe an enrichment for genes involved in 

transcription, RNA binding and chromatin organization (Figures 5D and 5G). We also observe 

an enrichment for genes involved in endocrine pancreas development (GO: 0031018), mainly 

driven by the genes Nkx6-1, Nkx2-2, Pax6 and NeuroD1 (Figures 5D and S10A-D). 

Interestingly, an enrichment for genes required for stem cell maintenance is also present 

(Figures 5G and S11A-C). Consistently, when we reanalyzed our RNAseq dataset we found 

a notable enrichment for totipotency genes (Figure S11D), suggesting an overall increase in 

cell plasticity upon decrease in either Smndc1 or Atrx. 

 

Stabilization of Pdx1 mRNA is upstream of Smndc1 knockdown’s increase in insulin 
transcription 
The lack of differential accessibility observed at the Pdx1 locus upon Smndc1 or Atrx 

knockdown suggests that factors downstream of transcription might also contribute to the 

regulation of Pdx1 mRNA levels. Based on our data, we know (1) Smndc1 mainly interacts 

with RNA binding proteins (Figures 2A-C) (2) there is a global enrichment in the accessibility 

of genes with RNA binding properties upon both Smndc1 and Atrx knockdowns (Figure 5D) 

and (3) we detect increased BAF complex binding at the Pdx1 promoter (Figure S4B). 

Therefore, we could hypothesize that Smndc1 and Atrx knockdowns might trigger differential 

recruitment of RNA binding proteins to the Pdx1 locus, including factors involved in mRNA 



RESULTS 

 91 

stabilization and presentation to the translation machinery (Glisovic et al., 2008). We therefore 

tested whether Pdx1 mRNA stability was affected by Smndc1 or Atrx. We found that their loss 

induced a drastic increase in Pdx1 mRNA half-life from less than 1 hour to more than 4 hours, 

stabilizing the transcript to levels beyond those observed in beta cells (Figure 6A). This effect 

appeared to be quite Pdx1-specific, as only subtle or non-existent shifts in MafB and MafA 

mRNA stability were observed (Figure S12A). In fact, loss of Pdx1 completely abolished 

Smndc1 knockdown’s increase in Ins2 mRNA levels, underlining its essential position in the 

phenotype (Figure 6B). Smndc1 knockdown’s reliance and evident effects on Pdx1 expression 

and stability coupled with Pdx1’s key role in insulin transcription, prompted us to look at insulin 

promoter activity. We used an indirect approach, by which we co-transfected alpha cells with 

Smndc1 hairpins and an mCherry expression cassette driven by the rat insulin promoter (RIP), 

which importantly preserves the Pdx1, MafA and NeuroD1 binding sites (Figure 6C). The 

presence of mCherry signal therefore directly correlates to RIP activation and upregulation of 

insulin transcription (Figure S13A). Loss of Smndc1 triggered a positive shift in mCherry 

expression in a quarter of the cells, relative to empty vector (Figures 6D and S13B). Hence, 

the increase in Ins2 mRNA observed following Smndc1 knockdown can be directly attributed 

to an increase in insulin transcription downstream of the insulin promoter. Sorting out and 

sequencing the upper and lower quadrants of mCherry-expressing cells firstly revealed 

differences in the levels of both Smndc1 and Ins2 in the two populations (Figure 6E). As 

previously hypothesized, cells that showed stronger insulin induction exhibited also more 

pronounced Smndc1 depletion (Figure S13A). Secondly, the RIP-mCherry positive cells 

showed a significant upregulation in certain genes required for beta-cell function (i.e. Ins1, 

Slc2a2, Ryr2 and Iapp) not seen in the unsorted population (Figure S13C). Some of these 

correspond to Pdx1 target genes, substantiating an enrichment in Pdx1 downstream effectors 

(Figures 6E and 6F). Lastly, the strong overlap in differentially spliced events and the 

enrichment for the previously observed Atrx and Pax6-5a splice isoforms in the RIP-mCherry-

positive population suggest these events are truly Smndc1-driven and persist in the insulin-

positive fraction (Figures S13D and S13E). Summed up, these results propose a mechanism 

by which Smndc1 knockdown, via a direct binding to Atrx mRNA, triggers a mis-splicing and 

decrease of Atrx levels, promoting a global opening of chromatin including increased BAF 

complex occupancy at the Pdx1 promoter with subsequent Pdx1 mRNA stabilization, overall 

resulting in increased insulin transcription. 
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Discussion 
 

Pancreatic beta cells represent the sole source of insulin in the human body. Expression and 

secretion of insulin is essential for the maintenance of normoglycemia and survival. Hence, 

there is a drive to generate novel insulin cell sources. To do this, we require a specific 

understanding of how insulin expression is regulated in beta cells, and how it is silenced in 

others. Due to the close developmental link between alpha and beta cells, evident via their 

common Ngn3+ progenitor and shared expression of multiple transcription factors, alpha cells 

represent an excellent candidate for studying the epigenetic mechanisms underlying insulin 

repression. By targeting over 300 chromatin-associated factors in alphaTC1 cells, we 

identified Smndc1 as a regulator of insulin silencing in murine alpha cells. We further linked 

Smndc1 and its function to the chromatin remodellers Smarca4 and Atrx. Atrx is associated 

with heterochromatin and gene silencing (Bérubé et al., 2000; Goldberg et al., 2010; Sadic et 

al., 2015; Sarma et al., 2014), while loss of function mutations in alpha cells have been linked 

to pancreatic neuroendocrine tumour development (Chan et al., 2018; Jiao et al., 2011). Atrx 

has not, however, been previously associated with the regulation of insulin expression. It is 

tempting to speculate the Atrx-dependent control of hormone expression in alpha cells might 

also contribute to tumor formation following Atrx mutation. We found that Smndc1 directly 

regulates Atrx levels via splicing and that Atrx loss results in upregulation of the key beta cell 

identity genes Ins2, Pdx1 and MafA, as well as increased Pdx1 mRNA stability. Smarca4 is a 

core member of the BAF complex, which is a key regulator of gene expression, both via 

transcriptional activation and repression, with critical roles in lineage specification and cell fate 

determination (Alfert et al., 2019). In beta cells its presence has been positively linked to 

insulin, Pdx1 and MafA expression (McKenna et al., 2015). An important part of this function 

is mediated via binding to the Pdx1 promoter. What we have identified is that BAF complex 

binding to the Pdx1 locus is impeded in alpha cells, in an Smndc1-mediated manner. Together, 

these results brought us to the conclusion that Smndc1 helps maintain an alpha cell phenotype 

by limiting insulin transcription, through silencing and destabilization of Pdx1 mRNA.  

 

Beta cell development and identity are specified by consistent Pdx1 expression from 

embryonic to mature cells. Pdx1 deficiency leads to pancreatic agenesis in both mice and 

humans, underlining its universal requirement for pancreatic development (Jonsson et al., 

1994; Stoffers et al., 1997). Mature beta cell function is equally compromised upon Pdx1 loss, 

which triggers forms of mature onset diabetes of the young and type 2 diabetes (Servitja and 

Ferrer, 2004). This is likely due to decreased expression of Pdx1 regulated genes Nr5a2, Iapp, 

Slc2a2 and insulin (Ins1/Ins2), all important for beta cell development and function (Servitja 
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and Ferrer, 2004). In line with increased Pdx1 activity, all of these genes are significantly 

increased in the RIP-mCherry positive dataset. For activation of insulin transcription, Pdx1 

cooperates with MafA and NeuroD1, all of which have binding sites on the insulin promoter 

(Docherty et al., 2005). NeuroD1 is already highly expressed in alpha cells, while Smndc1 

knockdown drives the increase in MafA and Pdx1. In turn, MafA and MafB, upregulated in our 

RIP-mCherry positive cells, further activate Pdx1 expression by binding to its enhancer 

(Vanhoose et al., 2008). Hence, the increased beta cell character observed upon Smndc1 

knockdown is likely triggered by a positive feedback loop between Pdx1 targets and Pdx1 

itself. 

 

Pax6, on the other hand, is important for the expression of both alpha and beta cell key genes. 

Pax6 directly controls the transcription of alpha cell target genes: glucagon, MafB, NeuroD1 

and Maf by binding to their promoters in alpha cells (Gosmain et al., 2010). Yet, it is equally 
important for the maintenance of beta cell identity through direct binding and transcriptional 

activation of Nkx6-1, MafA and Pdx1 and repression of non-beta cell programs in beta cells 

(Gosmain et al., 2012; Swisa et al., 2017). It’s been hypothesized that this differential binding 

in alpha and beta cells is due to the presence of different Pax6 isoforms in the two cells, such 

as the alpha-cell specific Pax6-5a isoform (Singer et al., 2019). Loss of Paupar and Pax6-5a 

triggers a transcriptional and functional impairment of alpha cell character through reduced 

expression and binding of Pax6 to alpha-cell target genes and decreased glucagon secretion. 

The decrease in Pax6-5a upon Smndc1 knockdown, along with the increased chromatin 

accessibility and cell plasticity, might therefore flip Pax6 activity in a beta cell direction and 

contribute to the increases in Pdx1 mRNA stability we observe. Interestingly, Nkx2.2 is 

significantly downregulated upon Smndc1 knockdown (Figure S8C). No studies have focused 

on the role of Nkx2.2 in alpha cells, however knockdown in bulk human islets revealed a 

striking global upregulation of genes (Domínguez Gutiérrez et al., 2016). This suggests Nkx2.2 

has a globally repressive nature and, based on this and our own results, could also have a 

role in the repression of beta cell genes in alpha cells.  

 

Gene expression is heavily reliant on mRNA transcription, processing, stability and ultimate 

translation. Smndc1’s interactome is enriched for proteins involved in mRNA metabolism 

(Figures 3 and S3). It interacts with Pabpc1, Eif4e and Eif4g, whose mRNA occupancy 

correlates positively with stability and consequent translational efficiency (Rissland et al., 

2017). The spliceosome complex, in turn, communicates the location of exon-exon junctions 

and premature stop codons to the translation machinery, dictating NMD activation (Moore and 

Proudfoot, 2009). In fact, approximately 20% of alternatively spliced genes in humans and 

mice are predicted to yield premature stop codons and trigger NMD (Baek and Green, 2005). 
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NMD itself is spearheaded by phosphorylation of another Smndc1 interactor, the RNA helicase 

UPF1. All 4 Hu proteins: Elavl1, Elavl2, Elavl3 and Elavl4 are equally bound by Smndc1. 

Interestingly, Elavl4, also known as HuD, has been linked to insulin mRNA destabilization (Lee 

et al., 2012). Hence, it is possible that loss of Smndc1 might redirect the localization and 

binding of some of these proteins, affecting downstream mRNA stabilizations, namely in Pdx1, 

and altering global gene expression as we see with the alpha cell transcriptome’s shift to a 

more beta cell character. 

 

Comparisons of our human islet splicing results to our murine data displayed a poor 

correlation. In general, alternative splice isoforms are not conserved between humans and 

mice (Modrek and Lee, 2003; Yeo et al., 2005). This is also evident in our dataset, in which 

less than 20% of the alternatively spliced genes are shared between human and mouse 

(Figure S6G). Of those, only 2 shared similar events with the same consequent disrupted 

ontogeny (ALKBH3 and SZRD1). Due to the vastly co-transcriptional nature of mRNA splicing, 

it stands to reason that alternatively spliced genes should largely correlate with actively 

transcribed ones. It is important to recognize that due to the co-sequencing of alpha and beta 

cells in the bulk human islets, it is likely that the overall SMNDC1-mediated alternative splicing 

profile does not accurately reflect cell-specific regulation by SMNDC1. Differential splice 

isoforms induced by SMNDC1 knockdown were also much more abundant in Donor 4 (Figures 

4F and S6C), with the 40 year age discrepancy between the donors a possible confounding 

factor (Wang et al., 2018a). Thus, also considering the previously mentioned lack of 

conservation between human and mouse splice isoforms, direct and specific comparisons 

between our murine and human splicing datasets can’t be confidently conducted.  

 

Importantly, though, we found Smndc1 knockdown to have a positive effect on bulk human 

islets, increasing the expression of beta cell specific transcription factors and enhancing insulin 

secretion (Figure 2). Since we know that we are successfully transducing both alpha and beta 

cells through co-staining of glucagon and insulin with the GFP vector (Figure S2C), it is 

presently not possible to confirm whether this is a solely alpha-cell driven phenotype. Major 

advances have been made in the field of single cell RNAseq (scRNAseq), specifically in 

droplet-based methods which allow for sequencing of thousands of cells per experiment 

(Hwang et al., 2018). However, this comes with decreased depth, as previous human islet 

scRNAseq experiments from our lab on the 10X Chromium platform could not detect SMNDC1 

expression (Marquina-Sanchez et al., 2020), which would complicate knockdown efficiency 

segregation. More sensitive methods such as Smartseq2 show robust Smndc1 expression in 

all islet cell types but typically only allow studying fewer cells, making it challenging and 

expensive to ensure sufficient amounts of alpha and beta cells are sequenced (Ziegenhain et 
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al., 2017). Hence, to ensure maximum yield and sequencing depth, we focused on bulk human 

islets and could observe a correlation with the effects in murine alpha cells. Future 

experiments could focus on whole body effects of Smndc1 loss, particularly in beta-cell 

depleted streptozotocin mice. Smndc1’s essentiality, ubiquitous expression and robust loss 

necessary to stimulate insulin expression could, however, pose challenges for in vivo testing. 

One would require a potent, conditional, alpha cell-specific knockdown. While challenging, 

previous experiments suggest this could be feasible, with knockdown efficiencies of up to 90% 

achieved depending on the shRNAs (Kleinhammer et al., 2011). 

 

Alternatively, the generation and identification of small molecules targeting Smndc1 could 

provide a pulsed and reversible inhibition for facilitated in vitro and in vivo work. None exist so 

far, but several inhibitors for other Tudor domain proteins have recently been discovered 

(Arrowsmith and Schapira, 2019). Work in beta cell stem cell differentiation has benefited from 

small molecules to improve efficiency of reprogramming (Velazco-Cruz et al., 2020) and might 

benefit from Smndc1 inhibition, with its upregulation of Pdx1 and insulin expression. 

 

The fact that no patients with functional mutations in SMNDC1 have been identified, nor have 

any mouse models been generated (http://www.informatics.jax.org/), suggest its loss is linked 

to embryonic lethality. This is unsurprising given its observed essentiality in mature cells. 

Smndc1 does however have an extensively more studied paralog, SMN1 (Survival Motor 

Neuron 1). They both contain a Tudor domain that recognizes and binds symmetrically 

dimethylated arginines, in which they share 50% sequence homology (Tripsianes et al., 2011). 

Loss of function mutations in SMN1 trigger the severe neuromuscular disorder Spinal 

Muscular Atrophy (SMA). Studies in SMA murine models and patients revealed they both 

display fasting hypoglycemia, which has been linked to an islet phenotype of increased 

glucagon-positive cell mass at the expense of insulin-positive cells (Bowerman et al., 2012; 

Butchbach et al., 2010). We did not identify a direct protein interaction between SMNDC1 and 

SMN1, nor any effect on SMN1 protein or mRNA expression upon Smndc1 knockdown. 

Hence, Smndc1 and Smn1 appear functionally diverse, with even potentially antagonistic roles 

on insulin expression. Future studies will need to address the interplay between these two 

closely related proteins that both affect islet function. 

 

In summary, we identified Smndc1 as a key new player in the regulation of insulin and Pdx1 

repression in alpha cells. We showed that in murine alpha cells, Smndc1 prevents the 

recruitment of the BAF complex to the Pdx1 promoter and further destabilizes Pdx1 mRNA. 

We further confirmed that insulin transcription is turned on upon Smndc1 knockdown, through 

activation of a co-transduced rat insulin promoter, and that this is dependent upon the 
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presence of Pdx1. Lastly, we could demonstrate that loss of SMNDC1 functionally improves 

bulk human islets by increasing their glucose responsiveness and upregulating genes 

necessary for insulin secretion and beta cell identity, specifically PDX1.  
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Materials and Methods 
 

Reagents 
Antibodies used were directed against Insulin (Agilent Dako IR00261-2), Smndc1 (Novus 

Biologicals NBP1-47302 for IP-MS, RIP and western blots; Abcam ab89131 for western blot; 

Thermo Fisher Scientific PA5-31148 for immunofluorescence), Brg1 (Abcam ab110641), 

Smarcc1 (Cell Signaling Technology 11956S), Atrx (Atlas Antibodies HPA001906 for western 

blot; Santa Cruz Biotechnology sc-55584 for immunofluorescence), alpha tubulin (Abcam 

ab7291), glucagon (Abcam ab92517) and rabbit IgG control (Abcam ab37415). All 

fluorescently-labelled secondary antibodies were purchased from Thermo Fisher Scientific. 

HRP-labelled secondary antibodies were bought from Jackson ImmunoResearch. 

Actinomycin D (BML-GR300-0005) was acquired from Enzo Life Sciences. Smndc1 shRNA 

#95 (TRCN0000123795) bacterial stock and all primers and oligos were ordered from Sigma.  

 

Cell Culture 
The murine alphaTC1 and bTC3 cell lines were obtained from ATCC. The cells were grown in 

low-glucose DMEM medium (Biowest L0066) supplemented with 10% FBS, 50 U/ml penicillin 

and 50 µg/ml streptomycin. The Lenti-X™ 293T cell line was purchased from Takara Bio 

(632180). Cell were grown in high-glucose DMEM medium (Sigma D5796) supplemented with 

10% FBS, 1mM sodium pyruvate, 50 U/ml penicillin and 50 µg/ml streptomycin.  

 

Human Islets 

 Gender Age (years) BMI HbA1c Source (via IIDP) 

1 Male 32 28.5 5.2 University of Wisconsin 

2 Female 33 30.4 4.9 
The Scharp-Lacy Research 

Institute 

3 Male 24 23.9 5.0 University of Pennsylvania 

4 Male 64 25.5 - 
The Scharp-Lacy Research 

Institute 

5 Male 42 37.3 5.6 
The Scharp-Lacy Research 

Institute 

6 Male 46 28.1 5.0 
The Scharp-Lacy Research 

Institute 
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Human islets were obtained through the Integrated Islet Distribution Program (IIDP; NIH Grant 

# 2UC4DK098085) from approved brain-dead organ donors (JDRF awards 31-2012-783 and 

1-RSC-2014-100-I-X). All studies were approved by the Ethics Committee of the Medical 

University of Vienna (EK-Nr. 1228/2015). No material or information for this study was 

procured from living individuals. 

 

Human islets were cultured in CMRL medium (Thermo Fisher Scientific 11530037) 

supplemented with 10% FBS, 1X GlutaMAXTM Supplement (Thermo Fisher Scientific 

35050038), 50 U/mL penicillin, and 50 µg/mL streptomycin. Dissociation into single cells for 

sorting and immunofluorescence was performed using Accutase® solution (Sigma A6964) at 

37°C for 20 min, followed by neutralization with CMRL medium. 

 

Gene Knockdowns and Knockouts 
All shRNA oligos used in this study were ordered from Sigma based on the TRC shRNA library 

(https://portals.broadinstitute.org/gpp/public/) and subcloned into pLKO.1 (Addgene plasmid 

#10878)(Moffat et al., 2006) or pLKO.3G (Addgene plasmid #14748) vectors. shRNAs used: 

Smndc1 (TRCN0000123795), Smarca4 (TRCN0000071386), Atrx (TRCN0000081911), Pdx1 

(TRCN0000086029), ATRX (TRCN0000013592), SMNDC1 #1 (TRCN0000377256), 

SMNDC1 #2 (TRCN0000001138), SMNDC1 #3 (TRCN0000349546) and SMNDC1 #4 

(TRCN0000318422). The Smndc1-targeting all-in-one Cas9/gRNA vector was also purchased 

from Sigma (gRNA: GAGCTTGCGAGCGTCTCCGAAGG). Lentiviral production in Lenti-X™ 

293T cells was done using LipofectamineTM 3000 (Thermo Fisher Scientific L3000008) with 

the second-generation packaging plasmids psPAX2 (Addgene plasmid #12260) and pMD2.G 

(Addgene plasmid #12259). Cells were transduced with filtered viral supernatant and 8µg/mL 

Polybrene® (Santa Cruz Biotechnology sc-134220) 50h post-transfection. 48h selection with 

2µg/mL puromycin was included for pLKO.1 or gRNA-transduced cells. For pLKO.3G-

transduced human islets, islets were dissociated to single cells on Day 5 and sorted for GFP 

signal on a SH800S Cell Sorter (Sony) with a 100µm chip. Only the top 25% of GFP positive 

cells from each population was sorted to ensure robust shRNA expression. 

 

pCLX-RIP-mCherry (Addgene plasmid #114310) was co-transfected along with Smndc1 

shRNA into Lenti-X™ 293T cells. 5 days post-transduction, which included a 48h selection 

with 2µg/mL puromycin, cells were sorted in sorting buffer (PBS, 2% FBS, 4mM EDTA) for 

mCherry expression on the SH800S Cell Sorter (Sony) with a 100µm chip. Sorted cells were 

pelleted and RNA extracted using the RNeasy Mini kit (Qiagen). 
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NanoString Analysis 
Hybridized mRNA levels were measured using the NanoString nCounter Analysis System, 

according to the manufacturer’s instructions. 

 

RNA Sequencing Library Preparation 
Murine alphaTC1 cells 

RNA from three independent biological replicates (unsorted murine alphaTC1) or four 

independent biological replicates (sorted empty vector, RIP-mCherry positive and negative 

alphaTC1) was isolated using the RNeasy Mini kit (QIAGEN 74106). Total RNA was quantified 

using the Qubit 2.0 Fluorometric Quantitation system (Thermo Fisher Scientific) and the RNA 

integrity number was determined using the Experion Automated Electrophoresis System (Bio-

Rad). RNAseq libraries were prepared using the TruSeq Stranded mRNA LT sample 

preparation kit (Illumina) using Sciclone and Zephyr liquid-handling workstations 

(PerkinElmer) for pre- and post-PCR steps, respectively. Library concentrations were 

quantified using the Qubit 2.0 Fluorometric Quantitation system (Life Technologies), with size 

distribution assessed on the Experion Automated Electrophoresis System (Bio-Rad). 

Individual samples were diluted and pooled into next-generation sequencing (NGS) libraries 

in equimolar amounts. 75-bp paired-end sequencing was performed on HiSeq 3000/4000 

instruments (Illumina). 

 

Human islets 

For the preparation of NGS libraries from low-input samples we followed the Smart-seq2 

protocol (Picelli et al., 2014). The subsequent library preparation from the amplified cDNA was 

performed using the Nextera XT DNA library prep kit (Illumina). Library concentrations were 

quantified with the Qubit 2.0 Fluorometric Quantitation system (Life Technologies) and the 

size distribution was assessed using the Experion Automated Electrophoresis System (Bio-

Rad). For sequencing, samples were diluted and pooled into NGS libraries in equimolar 

amounts. 75-bp paired-end sequencing was performed on a HiSeq 3000/4000 instrument 

(Illumina). 

 

RNA Sequencing Transcriptome Analysis 
Raw data acquisition (HiSeq Control Software, HCS, HD 3.4.0.38) and base calling (Real-

Time Analysis Software, RTA, 2.7.7) was performed on-instruments, while the subsequent 

raw data processing off the instruments involved two custom programs based on Picard tools 

(2.19.2) (https://github.com/epigen/picard/, https://broadinstitute.github.io/picard/). In a first 

step, base calls were converted into lane-specific, multiplexed, unaligned BAM files suitable 

for long-term archival (IlluminaBasecallsToMultiplexSam, 2.19.2-CeMM). In a second step, 
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archive BAM files were demultiplexed into sample-specific, unaligned BAM files 

(IlluminaSamDemux, 2.19.2-CeMM).  

 

NGS reads were mapped to the Genome Reference Consortium GRCh38 (human islets) or 

GRCm38 (alphaTC1 cells) assembly via “Spliced Transcripts Alignment to a Reference” 

(STAR) (Dobin et al., 2013) utilising the “basic” Ensembl transcript annotation from version 

e100 (April 2020) as reference transcriptome. Since the hg38/mm10 assembly flavour of the 

UCSC Genome Browser was preferred for downstream data processing with Bioconductor 

packages for entirely technical reasons, Ensembl transcript annotation had to be adjusted to 

UCSC Genome Browser sequence region names. STAR was run with options recommended 

by the ENCODE project. Aligned NGS reads overlapping Ensembl transcript features were 

counted with the Bioconductor (3.11) GenomicAlignments (1.24.0) package via the 

summarizeOverlaps function in Union mode, considering that the Illumina TruSeq stranded 

mRNA protocol leads to sequencing of the second strand so that all reads needed inverting 

before counting and that Smart-seq2 does not yield strand-specific data. Transcript-level 

counts were aggregated to gene-level counts and the Bioconductor DESeq2 (1.28.1) package 

(https://bioconductor.org/packages/release/bioc/html/DESeq2.html) was used to test for 

differential expression based on a model using the negative binomial distribution. 

 

Biologically meaningful results were extracted from the model, log2-fold values were shrunk 

with the CRAN ashr (2.2.-47) package (Stephens, 2017), while two-tailed p-values obtained 

from Wald testing were adjusted with the Bioconductor Independent Hypothesis Weighting 

(IHW, 1.16.0) package (Ignatiadis et al., 2016). Downstream data interpretation and 

visualization was performed using Python plotting package matplotlib (2.2.3; Python 3.7.2). 

 

Gene Ontology and Gene Set Enrichment Analysis 
Gene Ontology (GO) annotations were identified using GO Enrichment Analysis (Mi et al., 

2019). They are stated in each figure with their corresponding number in brackets. TRRUST 

transcription factor enrichments were found using ENRICHR (Xie et al., 2021). For Gene Set 

Enrichment Analysis (GSEA), genes whose differential expression with DESeq2 post-Smndc1 

knockdown had an adjusted p-value of ≤ 0.05 were ranked according to log2(Fold Change). 

The ranked GSEA was performed using GenePattern’s “GSEAPreranked” module 

(https://cloud.genepattern.org/) using our in house or published (Lawlor et al., 2017) murine 

alpha and beta cell gene sets. 
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RT-qPCR 
RNA was isolated using the RNeasy Mini kit (Qiagen 74106). The amount of RNA per sample 

was quantified using a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific), 

ensuring a 260/280 ratio ≥ 2. Normalized RNA amounts were reverse transcribed using the 

LunaScript® RT SuperMix Kit (NEB E3010). Quantitative real-time PCR was performed using 

Luna® Universal qPCR Master Mix (NEB M3003) on a LightCycler® 480 real-time PCR system 

(Roche). Data were normalized to the housekeeping gene GAPDH and relative expression 

was quantified using the comparative 2−ΔΔCT method. All RT-qPCR experiments detailed in this 

study are representative of 3 biological replicates and 2 technical replicates. All primers used 

can be found in Table S3. 

 

Co-Immunoprecipitation and Western Blotting 
Murine alphaTC1 and betaTC3 cells were lysed in plate for 20mins on ice in freshly prepared 

IP lysis buffer: 50mM HEPES pH 8.0, 150mM NaCl, 5mM EDTA, 0.5% NP-40, 50mM NaF, 

1.5mM Na3VO4, 1.0mM PMSF, and protease inhibitor cocktail (Roche). The resultant 

suspension was centrifuged at 14,000g for 30mins at 4°C. Supernatant protein concentrations 

were measured using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific 23225). 

If treating with RNAse A, lysates were then incubated with 200µg/mL RNAse A for 20mins 

rotating at room temperature. 150µl DynabeadsTM Protein G (Thermo Fisher Scientific 

10003D) were washed with 2 x 1mL IP lysis buffer prior to 10mins rotating incubation at room 

temperature with 11µg Smndc1 antibody or no antibody control. Bead-antibody complexes 

were washed with 2 x 1mL IP lysis buffer and incubated with 2mg of whole cell lysate for 4 

hours rotating at 4°C. Some supernatant was retained post-IP for western blot analysis. Beads 

were washed with 3 x 1mL IP lysis buffer followed by 2 x 1mL IP wash buffer: 50 mM HEPES 

pH 8.0, 150 mM NaCl, and 5 mM EDTA to remove NP-40. If lysates were RNAse-treated, 

200µg/mL RNAse A was added to the first three IP lysis buffer washes. Bound proteins were 

eluted with 150µl 2% SDS elution buffer: 50 mM HEPES, pH 8.0, 150 mM NaCl, 5 mM EDTA, 

and 2% SDS in a 20-minute rotating room temperature incubation. 15µl were removed for 

western blot analysis and the remaining samples were frozen at -20°C until further processing. 

 

For western blot analysis, inputs, supernatants and eluates were loaded onto an SDS–

polyacrylamide gel and then transferred by electrophoresis to a nitrocellulose membrane (GE 

Healthcare Life Science). All the blots were incubated with corresponding primary antibodies 

diluted 1:1000 in 5% milk at 4 ºC overnight and in HRP-labeled secondary antibodies diluted 

1:20000 for 1h at RT. The signals were detected using Clarity ECL Western Blotting Substrate 

(Bio-Rad) on a ChemiDoc MP Imaging System (Bio-Rad). 
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LC-MS/MS Analysis of Smndc1 Co-IP Samples 
Sample Preparation 

IP eluates were prepared for LC-MS/MS analysis using a modified Filter Assisted Sample 

Preparation (FASP) procedure (Wiśniewski et al., 2009). Samples were heated to 99°C for 5 

min. FASP was performed using a 30 kDa molecular weight cutoff filter (VIVACON 500; 

Sartorius Stedim Biotech GmbH). 50µl of each cleared protein extract was mixed with 200μL 

of freshly prepared 8M urea in 100mM Tris-HCl (pH 8.5) (UA-solution) in the filter unit and 

centrifuged at 14,000g for 15 min at 20°C to remove SDS. Any residual SDS was washed out 

by a second washing step with 200μL of UA. The proteins were alkylated with 100μL of 50mM 

iodoacetamide in the dark for 30 min at RT. Afterward, three washing steps with 100μL of UA 

solution were performed, followed by three washing steps with 100µL of 50mM TEAB buffer 

(Sigma-Aldrich). Proteins were digested with 1.25µg trypsin overnight at 37°C. Peptides were 

recovered using 40μL of 50mM TEAB buffer followed by 50μL of 0.5M NaCl (Sigma-Aldrich). 

Peptides were desalted using C18 solid phase extraction spin columns (The Nest Group), 

organic solvent removed in a vacuum concentrator at 45°C and reconstituted in 5% formic 

acid and stored at -80°C until LC-MS/MS analysis. 

 

LC-MS/MS 

Liquid chromatography mass spectrometry of SMNDC1 precipitated samples was performed 

on a Q Exactive™ Hybrid Quadrupole-Orbitrap (ThermoFisher Scientific, Waltham, MA) 

coupled to a Dionex U3000 RSLC nano system (Thermo Fisher Scientific, San Jose, CA) via 

nanoflex source interface. Tryptic peptides were loaded onto a trap column (Acclaim™ 

PepMap™ 100 C18, 3μm, 5 × 0.3 mm, Thermo Fisher Scientific) at a flow rate of 10μL/min 

using 0.1% TFA as loading buffer. After loading, the trap column was switched in-line with a 

40 cm, 75µm inner diameter analytical column (packed in-house with ReproSil-Pur 120 C18-

AQ, 3μm, Dr. Maisch). Mobile-phase A consisted of 0.4% formic acid in water and mobile-

phase B of 0.4% formic acid in a mix of 90% acetonitrile and 10% water. The flow rate was 

set to 230nL/min and a 90 min gradient used (4 to 24% solvent B within 82 min, 24 to 36% 

solvent B within 8 min and, 36 to 100% solvent B within 1 min, 100% solvent B for 6 min before 

re-equilibrating at 4% solvent B for 18 min). For the MS/MS experiment, the Q Exactive™ MS 

was operated in a top 10 data-dependent acquisition mode with a MS1 scan range of 375 to 

1,650 m/z at a resolution of 70,000 (at 200 m/z). Automatic gain control (AGC) was set to a 

target of 3×10E6 and a maximum injection time of 55ms. MS2-scans were acquired at a 

resolution of 15,000 (at 200 m/z) with AGC settings of 1×10E5 and a maximum injection time 

of 110 ms. Precursor isolation width was set to 1.6 Da and the HCD normalized collision 

energy to 30%. The threshold for selecting precursor ions for MS2 was set to 1.8x10E4. 

Dynamic exclusion for selected ions was 90 sec. A single lock mass at m/z 445.120024 was 
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employed (Olsen et al). All samples were analysed in duplicates, back-to-back replicates. 

XCalibur version 4.1.31.9 and Tune 2.9.2926 were used to operate the instrument. 

 

LC-MS/MS Analysis of Smndc1 Knockdown Whole Cell Proteomics 
Sample Preparation 

Each washed cell pellet was lysed separately in 40μL of freshly prepared lysis buffer 

containing 50mM HEPES (pH 8.0), 2% SDS, 0.1M DTT, 1mM PMSF and protease inhibitor 

cocktail (Sigma-Aldrich). Samples rested at RT for 20 minutes before heating to 99°C for 5 

min. After cooling down to RT, DNA was sheared by sonication using a Covaris S2 high 

performance ultrasonicator. Cell debris was removed by centrifugation at 20,000g for 15 min 

at 20°C. Supernatant was transferred to fresh Eppendorf tubes and protein concentration 

determined using the BCA protein assay kit (Thermo Fisher Scientific). A total of 200µg protein 

per sample was processed for LC-MS/MS analysis using an adapted Single-pot solid-phase-

enhanced sample preparation (SP3) methodology (Hughes et al., 2019). In short, equal 

volumes (125μl/ 6250µg) of two different kind of paramagnetic carboxylate modified particles 

(SpeedBeads 45152105050250 and 65152105050250, GE Healthcare) were mixed, washed 

three times with 250µL water and reconstituted to a final concentration of 50μg/μl with LC-MS 

grade water (LiChrosolv, MERCK). SDS-containing samples from the immunoprecipitation 

step were reduced with a final concentration of 50mM DTT and incubated at 60°C for 1 hour. 

After cooling down to room temperature, reduced cysteins were alkylated with iodoacetamide 

at a final concentration of 55mM for 30 min in the dark. For tryptic digestion, 40μg of mixed 

beads were added to reduced and alkylated samples, vortexed gently and incubated for 5 

minutes at room temperature. The formed particles-protein complexes were precipitated by 

addition of acetonitrile to a final concentration of 70% [V/V], mixed briefly before incubating for 

18 minutes at room temperature. Particles were then immobilized using a magnetic rack 

(DynaMag™-2 Magnet, Thermo Fisher Scientific) and supernatant discarded. SDS was 

removed by washing two times with 200μl 70% ethanol and one time with 180μl 100% 

acetonitrile. After removal of organic solvent, particles were resuspended in 100μl of 50mM 

NH4HCO3 and samples digested by incubating with 1μg of Trypsin overnight at 37°C. 

Peptides were cleaned up by acidifying the samples to a final concentration of 1% TFA prior 

to immobilizing the beads on the magnetic rack to perform solid phase extraction of the 

recovered supernatant using C18 SPE columns (SUM SS18V, NEST group, USA) according 

to the manufacturer. Peptides were eluted using two times 50 µl 90% Acetonitrile, 0.4% formic 

acid, dried in a vacuum concentrator before reconstitution in 40µl of 0.1% TFA (Suprapur, 

MERCK). 

 

 



RESULTS 

 104 

LC-MS/MS 

Label-free 1D-shotgun LC-MS/MS analysis of whole cell extracts was performed on an 

Orbitrap Fusion Lumos mass spectrometer (ThermoFisher Scientific) coupled to an Dionex 

Ultimate 3000RSLC nano system (ThermoFisher Scientific) via nanoflex source interface. 

Approximately 1µg of total peptide was loaded onto a trap column (Pepmap 100, 5μm, 5 × 

0.3mm, ThermoFisher Scientific) at a flow rate of 10μL/min using 0.1% TFA as loading buffer.  

After loading, the trap column was switched in-line with a 50cm, 100µm inner diameter 

analytical column (packed in-house with ReproSil-Pur 120 C18-AQ, 2.4μm, Dr. Maisch) at 

50°C.  Mobile-phase A consisted of 0.4% formic acid in water and mobile-phase B of 0.4% 

formic acid in a mix of 90% acetonitrile and 10% water. The flow rate was set to 300nL/min 

and a 210min gradient used (4 to 7% solvent B within 1 min, 7 to 24% solvent B within 190min, 

24 to 36% solvent B within 8min, 36 to 100% solvent B within 1min and, 100% solvent B for 

10 min before equilibrating at 4% solvent B for 18min). MS acquisition consisted of an 

untargeted Data Dependent Acquisition (DDA). Full MS scans were acquired with a mass 

range of 375 – 1650 m/z in the Orbitrap at a resolution of 120,000 (at 200m/z of 200).  

Automatic gain control (AGC) was set to a target value of 4x10E5 and a maximum injection 

time of 50msec. Precursor ions for MS2 analysis were selected using a TopN dependant scan 

approach with a cycle time of 3sec. MS2 spectra were acquired in the linear ion trap (IT) using 

rapid scan speed and a quadrupole isolation window of 1.6 Da. Higher energy collision 

induced dissociation (HCD) was applied with a normalized collision energy (NCE) of 30%.  

AGC target was set to 1x10E4 and a maximum injection time of 25 msec. Peptide 

monoisotopic precursor selection (MIPS) was enabled including peptide charge states of 2-6 

with an intensity threshold for precursor selection set to 5x10E3 and a dynamic exclusion for 

selected ions set to 90 sec. A single lock mass at m/z 445.120024 was employed (Olsen et 

al., 2005). XCalibur version 4.3.73.11 and Tune 3.3.2782.28 were used to operate the 

instrument.   

 

MS Data Analysis 
Acquired raw data files were processed using the Proteome Discoverer 2.4.1.15 platform, 

utilising the database search engine Sequest HT. Percolator V3.0 was used to remove false 

positives with a false discovery rate (FDR) of 1% on PSM, peptide and protein level under 

strict conditions. Searches were performed with full tryptic digestion against the mouse 

SwissProt database v2017.10.25 (25,097 sequences plus 298 appended known 

contaminants) with up to two miscleavage sites. Oxidation (+15.9949 Da) of methionine, 

deamidation (+0.9840 Da) of arginine and glutamine as well as phosphorylation (+79.9663 

Da) of serine, threonine or tyrosine was set as variable modification, whilst 

carbamidomethylation (+57.0214 Da) of cysteine residues was set as fixed modifications. Data 
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was searched with mass tolerances of ±10 ppm and 0.6 Da on the precursor and fragment 

ions, respectively. Results were filtered to include peptide spectrum matches (PSMs) with 

Sequest HT cross-correlation factor (Xcorr) scores of ≥0.9 and high peptide confidence. For 

calculation of protein areas, Minora Feature Detector node and Precursor Ions Quantifier 

node, both integrated in Thermo Proteome Discoverer were used. Automated 

chromatographic alignment and feature linking mapping were enabled with total peptide 

amount used for normalization between individual runs. Protein abundances were calculated 

using sum intensities of respective peptide features including only unique peptide groups. 

Protein ratios were generated using the non-nested approach and p-values calculation was 

performed applying t-test and Benjamini-Hochberg correction. Identification of significant 

interactors and fold changes for Smndc1 IP-MS results was done through Resource for 

Evaluation of Protein Interaction Networks (REPRINT) using SAINT scoring (https://reprint-

apms.org/)(Mellacheruvu et al., 2013). 

 

Glucose Stimulated Insulin Secretion Assay 
Intact human islets were incubated in low glucose (0.3 g/L glucose) KRB buffer for one hour 

followed by high glucose (3 g/L glucose) KRB buffer for another hour. Supernatants after both 

the low and high glucose challenges were collected to measure insulin content using a Human 

Insulin ELISA kit (Alpco 80-INSHU-E01.1). Supernatant volumes were normalized to total 

protein or RNA. All results are representative of 2 technical replicates.  

 

Intracellular Insulin Protein Measurements 
Whole cell extracts were generated by lysing cells in Triton lysis buffer containing 150 mM 

sodium chloride, 1mM EDTA, 1.0% Triton X-100 and 50 mM Tris, pH 7.4 supplemented with 

Protease Inhibitor Cocktail (Roche) and total protein levels quantified using a Pierce™ BCA 

Protein Assay Kit (Thermo Fisher Scientific 23225) to facilitate normalization of replicates to 

total protein. Intracellular insulin levels were then measured using an Ultrasensitive Mouse 

Insulin ELISA kit (Alpco 80-INSMSU-E01). 

 

Immunofluorescence 
Cells were fixed in 3.7% formaldehyde for ten minutes at room temperature, permeabilized 

with 0.2% Triton X-100 in PBS (PBST) for 30 minutes and blocked with PBST supplemented 

with 5% goat serum, 5% donkey serum and 1% BSA for 1 hour. Incubation with primary 

antibodies, diluted in blocking buffer, was done overnight at 4°C. After 3 x 5-minute PBST 

washes, cells were incubated at room temperature for 1 hour with fluorescently-labeled 

secondary antibodies, diluted 1:500 in PBST, and 5µg/mL Hoechst 33342. Cells were washed 

with PBST for 3 x 5 minutes and stored at 4°C in the dark until analysis.  
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Images were taken using an automated microscope (Perkin Elmer Operetta) using a 20X 

objective. Images were exposed for 50ms in the Hoechst channel and 200ms in Alexa Fluor 

488 and 546 channels. Images were analyzed using the Harmony software. Nuclei were 

identified by Harmony Method C and cytoplasm was defined based on the nuclei (Harmony 

Method C). For higher resolution images (Figure 1E), cells were imaged with a 63X objective 

on an LSM700 laser scanning confocal microscope (Carl Zeiss Optics).  

 

Splicing Analysis 
Alternative splicing was quantified using VAST-TOOLS v2.5.1 (Irimia et al., 2014; Tapial et al., 

2017) and the following species databases: M. musculus (species code mm10/Mm2, based 

on GRCm38.p5 Ensembl v88; vastdb.mm2.23.06.20) and H. sapiens (species code 

hg38/Hs2, based on GRCh38.p10 Ensembl v88; vastdb.hs2.23.06.20). Briefly, VAST-TOOLS 

fragments reads into 50nt read groups of which one random sub-read is used for quantification 

to avoid counting bias. 50nt reads are then aligned to a reference genome and mapped to 

splice junction database. Alternative splicing events were called differential if a given event 

was supported by at least LOW read threshold (—noVLOW), had non-overlapping PSI 

distribution between two sample groups (—min_range 5) and minimum absolute dPSI of 10 

or 15 —min_dPSI 10/15, as specified in text). For more details on methods, read threshold 

and commands, refer to VAST-TOOLS page (https://github.com/vastgroup/vast-tools). 

 

For the PCR validations, primers were ordered as suggested on vastdb.crg.eu. 200ng of cDNA 

was amplified for 30 cycles using OneTaq® Quick-Load 2X Master Mix (NEB M0486). 

 

RNA Immunoprecipitation 
Protocol was adapted from a previous publication (Rissland et al., 2017). Briefly, cells were 

washed twice with ice cold PBS and incubated for 10 minutes on ice in 2mL Lysis Buffer A: 

100mM KCl, 0.1mM EDTA, 20mM Hepes pH 7.5, 0.4% NP-40, 10% glycerol and freshly added 

20U/mL RNAse inhibitor (Takara Bio 2313A), 1mM DTT and protease inhibitor cocktail 

(Roche). After centrifugation, cleared lysates were incubated with Smndc1 or IgG control 

antibodies for 1 hour rotating at 4°C. Following 3 washes with Lysis Buffer A, DynabeadsTM 

Protein G (Thermo Fisher Scientific) were added to the lysate-antibody mixture for an 

additional 1 hour rotating at 4°C. For 5 x 106 cells: 100µl beads and 5µg antibody was used. 

Beads were washed 3 times with Lysis Buffer A, resuspended in 1mL TRIzolTM reagent 

(Thermo Fisher Scientific 15596026) and RNA extracted according to the manufacturer’s 

guidelines. RNA was eluted in 50µl RNAse-free water and cleaned up using the RNeasy Mini 

kit (Qiagen). Experiments are representative of three biological replicates. 
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ATAC-seq  
Protocol was performed on three individual biological replicates according to a previous 

publication (Schick et al., 2019). Reads were aligned to the mm10 genome with bowtie2. 

Peaks were called using macs2, uniquely mapped read counts were obtained for consensus 

peaks using samtools and bedtools. Consensus region annotation was performed with Homer, 

and Uropa using Ensembl regulatory build (version GRCm38) and GENCODE annotation 

(vM25). A Snakemake workflow developed at CeMM was used for these tasks, available at 

https://github.com/sreichl/atacseq_pipeline.  

 

Differential expression analysis was carried out with DESeq2 on raw count data. Here, 

differing FRiP (fraction of reads in pairs) values across replicates were adjusted for by 

specifying FRiP as a covariate in the design formula. Differential regions were defined as 

having an adjusted p-value <0.1. All peaks were assigned to their closest gene based on 

genomic distance. Representative fold changes were obtained for each gene by calculating 

the maximum absolute log2(fold change) value across all peaks assigned to a gene. Gene 

Ontology (GO) enrichment analysis (Mi et al., 2019) was performed at the gene level, 

discarding genes with discordant peaks, i.e. genes with peaks with both negative and positive 

log2(fold change) values.  

 

For each sample, genome browser tracks in bigWig format were generated using deepTools 

bamCoverage tool (Ramírez et al., 2016) from BAM files merged with samtools. Coverage 

heatmaps around TSS sites were generated with deepTools plotHeatmap tool for all 

ENSEMBL transcripts of genes with significant peaks. Browser tracks were visualized using 

Integrative Genomics Viewer (IGV) browser. 

 

ChIP-qPCR 
Cell were fixed and chromatin isolated as previously described (Schick et al., 2019). Chromatin 

was sheared in sonication buffer: 50mM Tris-HCl pH 8.0, 10mM EDTA, 1% SDS, 1x protease 

inhibitor cocktail, on a Bioruptor® Pico (Diagenode) in 2 rounds of 10 minutes on ice followed 

by 10 cycles (30s ON/30s OFF). After centrifugation, the supernatant was diluted 1:10 in 

dilution buffer: 20mM Tris-HCl pH 8.0, 1mM EDTA, 167mM NaCl, 1% Triton X-100, 0.01% 

SDS, 1x protease inhibitor cocktail to reduce the final SDS concentration. Antibody and bead 

incubations, washes and decrosslinking were performed as previously described (Schick et 

al., 2019). DNA was extracted using the QIAquick PCR Purification kit (Qiagen) and RT-qPCR 

was performed using Luna® Universal qPCR Master Mix (NEB M3003) on a LightCycler® 480 

(Roche). The PCR primers used corresponded to MafB site1, Pdx1 Area I, MafA R3 and 
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Albumin’s distal TAAT-containing region as previously published (McKenna et al., 2015). 

Experiments are representative of three independently isolated chromatin preparations. 

 

mRNA Stability Measurements 
Cells were cultured with 50µg/mL Actinomycin D (Enzo Life Sciences) for the specified time 

intervals, pelleted and RNA extracted using the RNeasy Mini kit (Qiagen). RT-qPCR results 

were normalized to the housekeeping gene GAPDH and relative expression to time point zero 

was quantified using the comparative 2−ΔΔCT method. Results are representative of three 

biological replicates and two technical replicates. 

 

Statistical Analysis 
Data is presented as mean ± SD or SEM, except for RT-qPCR results presented as ± fold 

change range. The number of independent experiments is indicated. Unless otherwise 

specified, three independent biological replicates were performed per experiment. Statistical 

comparisons, independent of sequencing or proteomics data, were performed using paired or 

unpaired two-tailed Student’s t tests and results are indicated in the individual figures (ns = p 

> 0.05;	∗ p ≤ 0.05; ∗∗ p ≤ 0.01; ∗∗∗ p ≤ 0.001; ∗∗∗∗	p ≤ 0.0001). 
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Figure 1 Smndc1 knockdown triggers an upregulation of insulin mRNA and protein in murine 
alphaTC1 cells  
(A) Bar graph representations of the Smndc1-targeting hairpins, highlighting the significant 

Smndc1 knockdown and consequent insulin upregulation in hairpins #94 and #95. (B) RNAseq 

results after 5-day Smndc1 knockdown (hairpin #95) in 3 biological replicates of murine 

alphaTC1 cells, represented as fold change relative to empty vector control. (C) Gene set 

enrichment analysis (GSEA) for genes significantly differentially expressed post-Smndc1 

knockdown. The ranked list was compared to the top 1000 most significantly differentially 
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expressed genes between alphaTC1 and Min6 cells from in house datasets (Table S2). (D) 
RT-qPCR of Smndc1 knockdown time course, testing mRNA levels of Insulin (black), Pdx1 

(magenta), MafA (light blue) and Smndc1 (teal). (E) Insulin protein levels in whole cell lysates 

of murine alphaTC1 cells 7 days post-Smndc1 knockdown vs. empty vector control. Measured 

by ELISA. (F) Immunofluorescence panel of murine alphaTC1 cells 5 days after transduction 

with Smndc1 shRNA or empty vector control. White = Smndc1, red = insulin and blue = DAPI. 

Scale bar = 10µm. 

 

Figure 2 Insulin secretion is enhanced in human islets with decreased SMNDC1 expression 

(A) Live imaging of intact human islets 4 days after transduction with GFP co-expressing 

pLKO.1 shRNA vector. Scale bar = 10µm. (B) Quantification of GFP+ cell number after 

dissociating the islets into single cell monolayers. (C) RT-qPCR on the unsorted bulk human 

islets from donors 1 and 2, 5 days post transduction with SMNDC1 shRNA #3 relative to empty 

vector. N=2. (D) ELISA on supernatants of unsorted, transduced, human islets from donors 1 

and 2 post-glucose stimulated insulin secretion (GSIS) assay. EV = empty vector; KD = + 

SMNDC1 shRNA #3. (E) ELISA GSIS results from donor 3. (F) ELISA on whole cell lysate of 

unsorted, transduced, human islets from donor 3. (G) ELISA GSIS results from donor 4. (H) 
Heatmap of RNAseq results from bulk, sorted human islets from donors 3,4 and 5, 5 days 

post-transduction. All represented genes have a significant adjusted p-value of ≤0.05. 
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Figure 3 SMNDC1 protein interactome reveals enrichment for chromatin remodelers 

(A) Endogenous Smndc1 immunoprecipitation coupled to mass spectrometry (IP-MS) results 

from the average of 2 replicates of murine alphaTC1 vs. betaTC3 cells. Only significant 

interactors, quantified as having a SAINT score greater than 0.95, are mapped. Smndc1 is 
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highlighted along with genes involved in mRNA processing and NMD (Eif4g1, Pabpc1, Upf1). 

(B) Gene ontology (GO) enrichment for Smndc1’s interactors shared by both murine alpha 

and beta cell lines. (C) Separate scatter plots of IP-MS results highlighting the enriched 

subclasses of proteins. (D) Number of proteins significantly differentially enriched by Smndc1 

antibody +/- RNAse A treatment. (E) Bar graphs highlighting depleted enrichment for proteins 

with RNA splicing gene ontology post-RNAse A treatment, and contrasting increase in fold 

enrichment for npBAF complex members. (F) Smndc1 IP-MS vs. Smndc1 knockdown whole 

cell proteomics results. Red colors represent proteins significantly pulled down in IP-MS 

(SAINT > 0.95). Orange depicts proteins whose expression was significantly altered upon 

Smndc1 knockdown. Dark red are the proteins significant to both datasets. Dashed lines 

highlight proteins with a strong Smndc1 interaction (≥4-fold over IgG control), or at least 1.5-

fold differential expression post-Smndc1 knockdown relative to empty vector control. 
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Figure 4 Widespread emergence of alternative splice isoforms upon Smndc1 knockdown 
include a disrupted Atrx coding sequence 
(A) Distribution plot of alternatively spliced events affecting introns and exons in murine 

alphaTC1 cells treated with Smndc1 shRNA. Plot highlights a positive shift in the percentage 

spliced in (dPSI) of introns, correlating with increased intron retention relative to empty vector, 

and a negative shift for exons, signifying increased exon skipping. (B) Scatter plot 

representation of panel (A), divided into exons and introns and highlighting the significantly 

enriched splice isoforms (dPSI ≥ |15|). Abcc8 and Atrx are shown as examples of exon 

skipping and intron retention, respectively. (C) Proportion of the total 1305 alternatively spliced 
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events corresponding to their different predicted ontogeny. PROT: preserved coding 

sequence; DISR: disrupted coding sequence. (D) Genome browser tracks of event 

MmuINT0022118, relating to a retained intron between exons 16 and 17 of Atrx. Arrow points 

to PCR validating increase in intron retention upon Smndc1 knockdown. EV = empty vector; 

KD = Smndc1 knockdown. (E) Western blot of 5-day Smndc1 or Atrx knockdowns in alphaTC1 

or betaTC3 cells, highlighting the loss of Atrx protein upon Smndc1 knockdown in both cell 

lines. (F) Scatter plot of all high confidence splicing events in donor 4. High confidence events 

are found in both hairpins, in the same direction with a dPSI ≥ |10|. Three ATRX skipped 

introns and 2 overlapping PAX6 included exons are highlighted. (G) Predicted ontogeny of the 

differentially spliced events in human islets from Donors 3 and 4 post-SMNDC1 knockdown.  

(H) Distribution plot of alternatively spliced high confidence events affecting introns and exons 

in both human islet donors treated with both Smndc1 shRNAs. Shaded area represents the 

non-significant events with dPSI < |10|. 
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Figure 5 Loss of Smndc1 and Atrx both trigger a global increase in chromatin accessibility and 
beta cell genes 
(A) Significantly enriched genes from Smndc1 RNA immunoprecipitation in murine alphaTC1 

cells. In red: genes involved in chromatin silencing and remodeling. (B) GO enrichment for 

genes plotted in panel (A). (C) RT-qPCR results of 5-day Atrx knockdown in alphaTC1 cells. 

(D) Volcano plots of differentially accessible peaks from ATAC-seq results. Left: alphaTC1 

cells 5 days post-transduction with Atrx shRNA, relative to empty vector control. Right: 
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alphaTC1 cells 5 days post-Smndc1 knockdown, relative to empty vector control. Gray dots = 

adjusted p-value ≥ 0.1; orange dots = adjusted p-value < 0.1; dark red dots =  adjusted p-

value < 0.1 and categorized as RNA binding (GO:0003723). (E) Heat map of significantly 

differentially accessible peaks in either Atrx or Smndc1 knockdown alphaTC1 cells relative to 

empty vector. On the right: Venn diagrams comparing upregulated or downregulated peaks in 

both knockdowns, highlighting the strong overlap and bias towards upregulation. (F) 
Correlation between common significantly differentially accessible genes in both knockdowns. 

In genes with multiple peaks, the strongest peak was chosen to represent the fold change, 

while genes with discordant peaks were disregarded. (G) Gene ontology enrichment for the 

genes with significantly increased accessibility in both knockdowns. 
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Figure 6 Smndc1 knockdown stabilizes Pdx1 mRNA and upregulates insulin transcription 

(A) RT-qPCR results for remaining Pdx1 mRNA levels following specified intervals of 

actinomycin D treatment in alphaTC1 cells transduced with empty vector (black), Smndc1 

shRNA (red) or Atrx shRNA (orange), and bTC3 cells (grey). N=3. (B) RT-qPCR results of 5-

day Pdx1 knockdown (or empty vector) followed by 5-day Smndc1 knockdown (or empty 

vector) in alphaTC1 cells. Rightmost panel highlights inability of Smndc1 knockdown to 

upregulate Ins2 mRNA levels when Pdx1 is lost. (C) Schematic representation of Smndc1 

shRNA and RIP-mCherry co-transduction experiment. (D) RIP-mCherry expressing alphaTC1 

FACS results after 5 days of Smndc1 knockdown or empty vector control co-expression. A 

representative 2 of the Smndc1 knockdown biological replicates are shown out of the final 4 

to avoid graph overcrowding. (E) RNAseq results of the sorted RIP-mCherry high vs. low 

expressing cells relative to empty vector control. (F) Enrichment of the significantly 

upregulated genes in RIP-mCherry+ cells for murine transcription factor targets (Han et al., 

2018). 
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Figure S1. Smndc1 knockdown upregulates insulin protein in a subset of alpha cells (Related to 
Figure 1) 
(A) GSEA for genes significantly differentially expressed post-Smndc1 knockdown. The 

ranked list was compared to the top 1000 most significantly differentially expressed genes 

between alphaTC1 and bTC3 in a published dataset (Lawlor et al., 2017). Trend towards 

enrichment of beta cells genes and depletion of alpha cell-specific genes is apparent. (B) 
Insulin protein levels in whole cell lysates of murine alphaTC1 cells 7 days post-Smndc1 

knockdown vs. empty vector control or wild-type Min6 cells. ELISA results represented as 

percent of insulin protein relative to whole cell lysate total protein amount. (C) Correlation of 

RNAseq and whole cell proteomics results post-Smndc1 knockdown in murine alphaTC1 cells. 



RESULTS 

 120 

Red dots signify genes/proteins significantly altered in both RNAseq and whole cell proteomics 

datasets (i.e. adjusted p-value ≤ 0.05). (D) Quantification of Smndc1 knockdown 

immunofluorescence results. Vertical and horizontal dashed lines represent threshold for 

strong Smndc1 or insulin signal, respectively. Percentages correlate to top left quadrant, i.e. 

cells with weak Smndc1 and strong insulin expression. (E) RT-qPCR results of Smndc1, 

insulin and glucagon mRNA levels 5 days after transduction of an Smndc1 gRNA. 

 

 
Figure S2. SMNDC1 knockdown effects on transcriptome and insulin secretion of human islets 
(Related to Figure 2) 
(A) Western blot for SMNDC1 protein expression in HEK293T cells, 5 days post transduction 

with specified SMNDC1 shRNAs, empty vector and non-transfected controls. Antibody brands 
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are listed in brackets. (B) RT-qPCR results of SMNDC1 knockdown in HEK293T cells. (C) 
Immunofluorescence quantification of donor 2 dissociated human islets 5 days post-SMNDC1 

knockdown, stained for insulin, glucagon and GFP (vector). Panels highlight successful 

transduction of both alpha and beta cells. Percentages correlate to number of insulin or 

glucagon positive cells within the GFP positive population. (D) ELISA results of glucagon 

protein levels in human islet supernatants pre- and post-glucose stimulation. No significant 

change is observed between empty vector control and SMNDC1 knockdown (shRNA #3) in 

Donor 1, with a slight decrease in glucagon secretion observed in Donor 2 upon SMNDC1 

knockdown. (E) ELISA on whole cell lysate of unsorted, transduced, human islets from donor 

5 post-GSIS. (F) RNAseq results from bulk, sorted human islets from donors 3,4 and 5, 5 days 

post-SMNDC1 knockdown. Individual points represent individual donors and hairpins. (G) 
RNAseq results of INS mRNA FPKMs in individual donors treated with specified SMNDC1 

shRNAs. 
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Figure S3. Majority of SMNDC1’s protein interactions are RNA-dependent, with the exception of 
the BAF complex and Atrx (Related to Figure 3) 
(A) Western blot of Smndc1 antibody co-immunopurification in murine alphaTC1 cells. 

Successful pulldown of Smndc1 protein and absence of alpha-tubulin in eluates and Smndc1 

in supernatants confirms efficacy. (B) Venn diagram of common SMNDC1 interactions in 

murine alphaTC1 and bTC3 cells. (C)-(F) SMNDC1 protein interactome +/- RNase A treatment 
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in murine alphaTC1 cells. Light red dots represent significant interactors (SAINT ≥ 0.95). Dark 

red dots represent proteins with a significant SAINT score associated with the titled GO 

enrichment term. The grey dots represent the non-significant interactors. (G) Western blot of 

Smndc1 antibody co-immunoprecipitation in murine alphaTC1 cells. Pulldowns of Atrx, 

Smarca4 and Smarcc1 exclusively by the Smndc1 antibody and not by the IgG control confirm 

IP-MS interaction results. 

  
 
Figure S4. The BAF complex, particularly Smarca4, is necessary for the observed increases in 
Pdx1 and Ins2 mRNA post-Smndc1 knockdown (Related to Figure 3) 
(A) RT-qPCR results of 5-day Smarca4 knockdown (or empty vector) followed by 5-day 

Smndc1 knockdown (or empty vector) in alphaTC1 cells. (B) Smarca4 ChIP-qPCR for Pdx1, 

MafA and MafB loci in alphaTC1 cells transduced with empty vector or Smndc1 shRNA for 5 

days, and murine bTC3 cells. Significance corresponds to the fold enrichment of the Smarca4 

antibody vs. the IgG control in 3 independent biological replicates. 
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Figure S5. PCR validations of alternatively spliced events post-Smndc1 knockdown (Related to 
Figure 4) 
(A) PCR validations of 20 different alternatively spliced events post-Smndc1 knockdown. Red 

dashed lines illustrate the alternative splice isoforms. Negative dPSIs (written in brackets by 

the gene names) relate to skipped exons or spliced introns and positive dPSIs to retained 
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introns or included exons. (B) Genome browser tracks for event MmuEX0033804, correlating 

to the skipping of Pax6’s exon 5a. RT-PCR validation below. Upper bands represent the Pax6-

5a isoform, for which there is a clear depletion with Smndc1 knockdown. (C) RNAseq and 

whole cell proteomics results highlighting no significant change in Pax6 mRNA or protein 

levels upon Smndc1 knockdown but a significant decrease of Paupar lncRNA. (D) Genome 

browser tracks for event MmuINT1005027, relating to retention of the intron between exons 

14 and 15 of Atrx. Empty vector control treatment in gray; Smndc1 shRNA transduced 

replicates in red. RT-PCR validation on the right. Dashed red lines highlight the splice isoform, 

enriched in Smndc1 knockdown cells. (E) Representative immunofluorescence panel of 

alphaTC1 cells 5 days post-transduction with Smndc1 or Atrx shRNAs. Scale bar = 10µm. (F) 
Immunofluorescence quantification of alphaTC1 cells 5 days post-transduction with Smndc1 

or Atrx shRNAs, stained with Atrx and Smndc1 antibodies. Atrx and Smndc1 relative 

intensities are listed as percentage of control (POC). Highlights loss of Atrx protein upon 

Smndc1 knockdown, with no effect on Smndc1 protein upon Atrx loss. N=3. (G) Schematic of 

Atrx locus, with the length and positions of its 35 exons relative to the location of its SNF2 

domain-coding region. (H) GO enrichment for alternatively spliced genes with events predicted 

to disrupt the coding sequence (DISR). (I) GO enrichment for alternatively spliced genes with 

events predicted to preserve the ORF (PROT).  
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Figure S6. Alternative splicing changes post-SMNDC1 knockdown in human islets (Related to 
Figure 4) 
(A) Scatter plots correlating alternative splicing events in Donors 3 and 4 triggered by 

SMNDC1 shRNA #1 or #3. (B) Venn diagram of correlation between alternatively spliced 

events triggered by SMNDC1 shRNAs #1 and #3 in both donors. (C) Scatter plot of high 
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confidence differential splicing events in Donor 3. (D) Venn diagram of differentially spliced 

events triggered by both SMNDC1 hairpins in each donor (i.e. high confidence events). (E) 
Genome browser tracks for event HsaINT0015709, relating to SMNDC1 knockdown-induced 

skipping of the intron between exons 23 and 24 of ATRX, located right after the SNF2 domain. 

(F) GO term enrichment for genes with high confidence differentially spliced events in donors 

3 and 4. (G) Number of unique genes containing high confidence differentially spliced events 

in both human islet donors and murine alphaTC1 cells post-Smndc1 knockdown, highlighting 

the minimal overlap between the two species.  

 

 
Figure S7. SMNDC1 knockdown in human islets results in decreased ATRX protein (Related to 
Figure 4) 
(A) Quantification of SMNDC1 and ATRX protein intensities in human islets post-SMNDC1 

and ATRX knockdowns, as measured by immunofluorescence. POC = percent of control. 

Representative images of the immunofluorescence experiments on the right. Scale bar = 

20µm. 
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Figure S8. A strong connection exists between Atrx and Smndc1 (Related to Figure 5) 

(A) Upset plot of common genes significantly enriched (adjusted p-value ≤ 0.05) in our RIP, 

RNAseq, whole cell proteomics, IP-MS protein interactome and splice isoform datasets post-

Smndc1 knockdown. In red: Atrx revealed as the only shared gene between all 5 datasets. 

Bar graph bottom left = number of significant genes identified in each dataset. Top bar graph 

= number of genes shared by the different datasets. (B) Immunofluorescence panel of 

alphaTC1 cells 5 days post-Atrx shRNA transduction, with quantification on the right. Scale 

bar = 10µm.  
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Figure S9. Smndc1 and Atrx knockdowns trigger increased chromatin accessibility, specifically 
around transcriptional start sites (Related to Figure 5) 
(A) Quantification of significantly upregulated or downregulated ATAC-seq peaks upon 

Smndc1 or Atrx knockdown in alphaTC1 cells. (B) Venn diagrams illustrating only two 

discordant peaks exist between Smndc1 and Atrx knockdowns. (C) Venn diagrams of 
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commonly and discordantly regulated accessibility between Smndc1 and Atrx knockdowns, at 

the gene level. (D) HOMER annotation of significant peaks, highlighting that most differentially 

accessible peaks are located within introns or TSS. (E) Heat map showing the spatial 

relationship between all sequenced transcripts of genes with significant peaks and TSS. 

Increased peaks at or prior to TSS observed with both knockdowns. 

 
Figure S10. Increased accessibility at key islet transcription factors upon Atrx and Smndc1 
knockdown (Related to Figure 5) 
Genome browser tracks for (A) Pax6, (B) NeuroD1, (C) Nkx6-1 and (D) Nkx2-2. Black bars at 

the bottom represent significantly differentially accessible peaks in both Smndc1 and Atrx 

knockdown alphaTC1 cells. 
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Figure S11. Loss of Smndc1 triggers an increase in plasticity genes (Related to Figure 5) 

Genome browser tracks for (A) Prox1, (B) Gnl3 and (C) Apc. Black bars at the bottom 

represent significantly differentially accessible peaks in both Smndc1 and Atrx knockdown 

alphaTC1 cells. (D) GSEA for genes significantly differentially expressed post-Smndc1 

knockdown. The ranked list was compared to 266 totipotency genes (Shen et al., 2021).   
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Figure S12. Increased mRNA stability upon Smndc1 knockdown is restricted to Pdx1 (Related 
to Figure 6) 
(A) RT-qPCR results for remaining MafB and MafA mRNA levels following specified intervals 

of actinomycin D treatment in alphaTC1 cells transduced with empty vector (black), Smndc1 

shRNA (red) and bTC3 cells (grey).  
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Figure S13. Co-transduced RIP-mCherry signal correlates with insulin mRNA and protein levels 
(Related to Figure 6) 
(A) Immunofluorescence panel of unsorted and non-selected murine alphaTC1 cells 8 days 

after they were co-transduced with Smndc1 shRNA (or empty vector control) and RIP-
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mCherry. Dashed yellow boxes highlight colocalization of RIP-mCherry signal (red) with 

insulin (light blue), mutually exclusive from cells with detectable Smndc1 signal (green). Scale 

bar = 20µm. (B) Live imaging of selected murine alphaTC1 cells 5 days after they were co-

transduced with Smndc1 shRNA (or empty vector control) and RIP-mCherry, sorted for RIP-

mCherry expression (bottom 25% = negative vs. top 25% = positive). Scale bar = 20µm. (C) 
Venn diagram of significantly differentially expressed genes in RIP-mCherry negative, RIP-

mCherry positive and original non-cotransduced RNAseq datasets post-Smndc1 knockdown. 

Several genes of interest are highlighted. Nkx2.2 downregulation in RIP-mCherry positive cells 

had a p-value of 0.062 (Table S1). Ins2 and MafA mRNA are significantly upregulated in both 

RIP-mCherry positive and unsorted populations. (D) Venn diagram of differentially spliced 

events (dPSI>|15|) in RIP-mCherry negative, RIP-mCherry positive and original non-

cotransduced RNAseq datasets post-Smndc1 knockdown. (E) Differentially retained introns 

of Atrx and exon 5a of Pax6 post-Smndc1 knockdown and their abundance in RIP-mCherry 

positive and negative sorted cells. Enrichment for events Mmu1005027 and MmuEX0033804 

present in RIP-mCherry positive alphaTC1 cells. 
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3. DISCUSSION 

3.1 General Discussion 

Insulin expression in pancreatic beta cells is regulated at multiple stages at both the mRNA 

and protein level. Firstly, the transcription factor, RNA binding protein and methylation 

landscape surrounding the insulin locus and other key beta cell gene loci is critical in 

determining the transcription, stability, transport, splicing and consequent translation of their 

mRNAs. For instance, insulin transcription can be enhanced upon glucose exposure, with 

increased Pdx1 and Ptbp1 binding (Magro & Solimena, 2013; Wang et al, 2016a). However, 

a second level of regulation exists post-transcriptionally. Keeping with the glucose exposure 

example, if levels remain elevated and uncontrolled, ER stress triggers the active degradation 

of insulin mRNA in an IRE1a-dependent manner (Lipson et al, 2008).  

 

These different regulatory layers of insulin expression are highlighted in the results from our 

two papers detailed in Sections 2.1 and 2.2. While we observe an increase in insulin protein 

levels both after loperamide treatment and Smndc1 knockdown, only Smndc1 knockdown 

yields an increase in insulin mRNA levels. Loperamide’s activities are strictly downstream, 

positively stimulating insulin protein biosynthesis, from processing to secretion. As previously 

mentioned, ER stress can have a highly detrimental effect on insulin expression and overall 

beta cell survival. Furthermore, loss of the ER surface calcium ATPase, Serca2, and 

consequent ER calcium depletion has been shown to aggravate ER stress and promote beta 

cell apoptosis (Cardozo et al, 2005). Loperamide leads to a robust, reproducible and 

conserved increase in Serca2 mRNA and protein. What’s more, it also regulates the 

expression of multiple other ER proteins and yields an increase in proinsulin export from the 

ER, highlighted by increased proinsulin near the cellular periphery, as well as increased 

processing into mature insulin. The increases in insulin protein levels post-loperamide are 

dramatic and most likely a result of altered pH and calcium. These results reiterate the 

importance of ER function for overall beta cell identity and function. 

 

In fact, recent studies suggest ER stress also contributes to the demise of beta cells in 

autoimmune T1D, and that alleviation of that stress can prevent disease progression (Engin 

et al, 2013; Morita et al, 2017; Lee et al, 2020). This is because beta cell death in T1D is not 

exclusively a consequence of direct CD8 T cell-mediated killing, but also beta cell-intrinsic, 

following proinflammatory cytokine-induced oxidative and ER stress (Atkinson et al, 2011; 

Burrack et al, 2017). Genetic deletion or small molecule inhibition of IRE1a hyperactivation 

and introduction of chemical chaperones could all prevent terminal UPR activation and rescue 
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functional beta cell numbers. In fact, it’s been noted that up to 50% of beta cells survive the 

initial destructive autoimmune attack characteristic of T1D onset, yet are functionally 

incompetent and incapable of promoting euglycemia (Akirav et al, 2008; Krogvold et al, 2015). 

This suggests there is a window early within disease onset, mostly likely coinciding with the 

so-called “honeymoon period”, within which removal of ER stress through UPR protein 

modulation or alleviation of hyperglycemia can trigger remission in both humans and mice 

(Engin et al, 2013; Krogvold et al, 2015; Morita et al, 2017; Tang et al, 2019; Lee et al, 2020). 

Hence, it is tempting to postulate that loperamide treatment, through increased beta cell 

identity and functionality, on top of rescued ER calcium levels and proinsulin biosynthesis, 

could equally rescue functionality in the surviving T1D beta cells. 

 

This is even more plausible when compared to loperamide’s positive effects in diabetic human 

islets and murine models. Patients with T2D experience decreased insulin expression and 

secretion, as well as increased bihormonal cell populations (Marchetti et al, 2020), 

characteristics all rescued upon loperamide treatment in our in vitro experiments. Other small 

molecules have also been shown to modulate ER stress and ameliorate function in T2D islets. 

Metformin, GLP-1 and Rapamycin, for instance, have all been associated with increased 

insulin secretion, number of insulin granules, and expression of genes involved in beta cell 

identity and function (Bugliani et al, 2019; Lupi et al, 2008; Marchetti et al, 2004; Masini et al, 

2009). Specifically, all three ameliorated autophagy, a process both protective against ER 

stress and impaired in T2D beta cells. Ultrastructural studies of beta cells treated with 

loperamide reveal a striking increase in autophagosomes plus expression of autophagy-

related genes. Rapamycin and metformin both inhibit mTORC1, a known autophagy inhibitor, 

whose sustained hyperactivation is observed in diabetic beta cells and contributes to their 

functional demise (Ardestani et al, 2018). Interestingly, FoxO1 has also been found to inhibit 

mTORC1 activity in multiple tissues (Chen et al, 2010; Lin et al, 2014; Southgate et al, 2007). 

Our results suggest loperamide increases active nuclear FoxO1 levels. Therefore, further 

experiments could elucidate whether loperamide equally modulates autophagy and beta cell 

survival and function through suppression of mTOR, and whether loperamide synergizes with 

metformin and rapamycin.  

 

In effect, the direct target of loperamide in beta cells remains undefined. We have ruled out 

loperamide’s canonical receptor, mu-opioid, due to its very low expression in beta cells and 

the inability of its antagonist, naltrexone, to counteract loperamide’s insulin increase. 

Moreover, early studies on opioid users revealed increased hyperglycemia due to detrimental 

effects to their glucose recognition and insulin secretion (Giugliano, 1984). Loperamide, on 

the other hand, lowered blood glucose levels in diabetic db/db mice, with no effect on wild-
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type mice, and increased insulin expression and secretion in diabetic human pancreatic islets, 

reinforcing a non-opioid mode of action. Interestingly, loperamide has also been proposed to 

bind the calcium sensor calmodulin in an opioid-independent manner (Zavecz et al, 1982; Daly 

& Harper, 2000). CaMKII phosphorylation and activation, as observed upon loperamide 

treatment, requires direct binding by Ca2+-bound calmodulin (Clapham, 2007). Furthermore, 

chemical inhibition of calmodulin-CaMKII binding limited loperamide’s increase of insulin 

protein and FoxO1 nuclear localization. Hence, loperamide’s mechanism of action appears to 

rely on the activation of CaMKII. However, whether loperamide’s ability to bind calmodulin is 

important for this activation, or whether it is secondary to loperamide’s increase in intracellular 

calcium levels, is yet to be determined. More recently, loperamide was linked to the protein 

menin (Yue et al, 2016), a protein shown to stabilize FoxO1 levels in beta cells by preventing 

its ubiquitination and phosphorylation by AKT (Jiang et al, 2019). Our preliminary results could 

not identify a direct interaction between FoxO1 and menin in the Min6 cell line, however we 

did observe a decrease in total phosphorylated AKT levels upon loperamide treatment (Figure 

7). 

 
Figure 7. Loperamide treatment leads to rapid decrease in phosphorylated AKT levels 

Figure 7. Loperamide treatment leads to rapid decrease in phosphorylated AKT levels in Min6 

cells. 

 

Follow-up experiments in menin-null cells could distinguish its role, if any, in loperamide’s 

phenotype, and whether a direct interaction between the two exists and is necessary. In fact, 

identifying a direct molecular target for loperamide in beta cells, using either thermal shift or 

affinity based chemical proteomics, could pave the way for the identification of more potent 

analogs, increased beta cell specificity and further information on FoxO1 activation. Analogs 

could also help solve structure-activity relationships, providing critical knowledge on what part 

of loperamide is necessary for the insulin phenotype. 

 

Contrastingly, in our second study, we used direct genetic perturbation as opposed to small 

molecules, which has both advantages and limitations. While small molecules represent a 

therapeutically superior option, with their ease of delivery and rapid bioavailability, they also 

suffer from binding promiscuity, leading to off-target effects (Lehár et al, 2008). This can of 

course also be a plus, as highlighted by our repurposing of loperamide from its original, gut-
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specific anti-diarrheal activity to a previously unknown islet-specific, FoxO1-driven inhibition 

of diabetic beta cell dedifferentiation. However, as previously mentioned, the identification of 

a specific molecular target can be challenging. The use of RNA interference to knockdown 

genes of interest is much more controlled and specific. Furthermore, our use of multiple short 

hairpins, in both murine cell lines and human islets, diminishes specificity reservations. 

Consequently, through shRNA silencing, we identified Smndc1 to regulate insulin expression 

in alpha cells upstream of transcription, through decreased Pdx1 mRNA stability and global 

silencing of chromatin. We also successfully mapped out Smndc1’s direct protein interactors, 

namely the chromatin remodelers Atrx and Smarca4. Atrx is known to help deposit H3K9me3 

and H3K27me3 marks on chromatin and to maintain chromatin in a heterochromatic state 

(Dyer et al, 2017). Previous studies have shown that alpha cells possess bivalent histone 

marks on important beta cell transcription factors, such as Pdx1 and MafA (Bramswig et al, 

2013). Elucidating whether Atrx is involved in the maintenance of these repressive marks in 

alpha cells could be key to resolving Smndc1’s mechanism of action, since Smndc1 directly 

regulates Atrx protein levels through binding and splicing of its mRNA. Interestingly, Smndc1 

is also involved in the splicing of known functional beta cell genes, namely Pax6 and Abcc8. 

 

The transcription factor Pax6 is necessary for both insulin and glucagon transcription as 

detailed in Section 1.1.2 and Figure 3. It was recently found that binding of Pax6 to the 

glucagon promoter, and other important alpha cell genes, requires a specific splice isoform 

(Singer et al, 2019). This isoform includes an additional exon between exons 5 and 6, termed 

exon 5a. Interestingly, Smndc1 is necessary for the complete inclusion of this exon, as loss of 

Smndc1 correlates with a significant loss of Pax6 exon 5a. In beta cells, Pax6 is involved in 

upregulation of insulin and MafA transcription (Swisa et al, 2017a), both observed in alpha 

cells upon Smndc1 loss. Hence, whether this switch in Pax6 isoforms, from alpha to beta-cell 

specific, helps propagate Smndc1 knockdown’s shift in cell identity could be an important next 

question to address.  

 

Abcc8, encoding the Sur1 protein, forms part of the ATP-sensitive potassium channel found 

on the surface of both alpha and beta cells. In alpha cells, it is responsible for alpha-cell 

intrinsic glucose sensing and glucagon secretion regulation (Rorsman et al, 2008). 

Interestingly, no haploinsufficiency is observed upon loss of one Sur1 allele, while complete 

deletion of Sur1 results in mice with maintained normoglycemia, unless stressed (Seghers et 

al, 2000). In fact, loss or gain of function mutations in ABCC8 can result in congenital 

hyperinsulinism, a recessive genetic disorder in which patients suffer from uncontrolled insulin 

secretion and hypoglycemia, or neonatal diabetes, respectively (Ortiz & Bryan, 2015). Smndc1 
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knockdown induces skipping of Abcc8’s 31st exon, a change unlikely to affect translation of 

the final protein due to preservation of the coding sequence (Figure 8).  

 
Figure 8. Genome browser tracks for event MmuEX0003147 

Figure 8. Genome browser tracks for event MmuEX0003147, correlating to the skipping of 

Abcc8’s 31st exon in murine alpha cell line alphaTC1. A 33% decrease in the number of 

transcripts harboring this exon is observed upon Smndc1 knockdown (shSmndc1). PCR 

validation on the right. Lower bands represent the splice isoform with the skipped exon, for 

which there is a clear enrichment with Smndc1 knockdown. 

 

Notably, exon 31 forms part of Abcc8’s second transmembrane domain, mutations in which 

can affect ATP affinity and hydrolysis (Ortiz & Bryan, 2015). Questions of whether this mutant 

form of Abcc8 phenocopies relevant aspects of Smndc1 knockdown’s phenotype, specifically 

the increase in insulin secretion we observe in human islets, or whether it inhibits glucagon 

secretion and helps drive the loss of alpha cell character, could be key to the overall molecular 

mechanism and understanding of alpha cell identity maintenance.  

 

3.2 Conclusion and Future Prospects 

In conclusion, by using alpha or dedifferentiated beta cells as starting materials and genetic 

or chemical perturbations, we could analyze and characterize novel pathways and targets 

regulating insulin expression at the transcriptional or post-translational stage. Referring to our 

aims in Section 1.4, we successfully identified a protein regulating insulin repression in alpha 

cells, Smndc1, and a small molecule inhibitor of beta cell dedifferentiation, loperamide (Figure 

9). 
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Figure 9. Summary of thesis work findings 

Figure 9. Summary of thesis work findings. 

 

The work detailed in the first part of this thesis drives home the main point that increased 

insulin transcription is not the only step necessary to yield a functional beta cell. Proper 

intracellular and intragranular calcium and pH control, promoted autophagy and proinsulin 

folding, as well as persistent nuclear FoxO1 expression are all necessary to rescue insulin 

secretion in failing beta cells. In the second part of the thesis, alpha cell repression of insulin 

transcription was found to involve multiple regulatory steps and proteins. Specifically, 

sustained Smndc1 and Atrx expressions coupled to restricted BAF complex promoter binding 

maintained impaired Pdx1 mRNA stability, low MafA expression and a Pax6 alpha cell specific 

splice isoform. Future experiments involving overexpression of the Smndc1 knockdown 

induced Abcc8 splice isoform, ChIPs for Atrx deposited H3K27me3 and H3K9me3 marks, and 

development of Smndc1 small molecule inhibitors for simplified acute and in vivo treatments 

could aid in further understanding alpha cell identify preservation. Identification of 

loperamide’s direct protein interactor in beta cells, on the other hand, could provide new 

molecular targets for FoxO1 protein regulation.  
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4. MATERIALS AND METHODS 

Corresponding materials and methods are described in detail within the published or submitted 

manuscripts in Sections 2.1 and 2.2.  
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